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Microbialites: key structures for understanding ancient Earth environments 
 
The life, appeared at least before 3.8 Ga (e.g., Mojzsis et al., 1996), had been microscopic 
size for about 3.0 Ga until when they evolved to relatively bigger size in the late Proterozoic. 
However, the activities of such microorganisms had strong impacts on the ancient Earth 
environment, and particularly O2-producing photosynthetic bacteria such as cyanobacteria 
changed the environment from anoxic to oxic (Fig. 1).  
The evidence of microbial activities through the Earth history is recorded in the 
geological successions as e.g. chemical fossils and microbialites. Especially microbialite, 
formed by the interactions between sediments and microorganisms, was only the 
macroscopic structures produced by organisms for 3.0 billion years after the appearance of 
life on the Earth (Burne and Moore, 1987), which is very interesting material for Earth 
science.  
Microbialites mainly composed of carbonate (stromatolites) and iron (BIF), and other 
type of minerals such as phosphate and silicate are minor. Although the contribution of 
microorganisms for BIF formation is still matter of controversy (e.g., Konhauser et al., 2007, 
and references therein), there is general agreement that the activity of O2-producing 
photosynthetic bacteria had strong impact on the BIF distribution through the Earth 
history. BIF appeared from middle Archean, attained the maximum at late Archean to 




Fig. 1 Integrated time distributions of microbialite (BIF, stromatolite and reefal microbial carbonates) and the









development after that except for 0.8-0.6 Ga (Klein and Beukes, 1992; Fig. 1). Stromatolites, 
the carbonate microbialite, appeared at late Archean, of which development almost 
overlapped with the decline of BIF. Stromatolite attained the maximum at Mesoproterozoic, 
followed by decrease in Neoproterozoic, and abruptly decrease at the beginning of 
Phanerozoic because of the interferences by skeletal algae and invertebrates which 
disturbed the lamination (Riding, 2000). Although calcareous microbialite without 
lamination appeared in Phanerozoic together with other reef builders, their appearance 
decreased toward Recent with some fluctuations. In the Recent ocean, microbialites are 
restricted in some localities including the stromatolites in Shark Bay and Bahamas, which 
would retain the view of ancient shoreline (Fig. 2). Mineralization processes by 
microorganisms are less controlled if compared to the biomineralization of higher 
organisms such as corals, calcareous algae and vertebrates, and thought to be strongly 
affected by surrounding environment, and therefore the occurrence pattern of microbialite 
is thought to provide important information for understanding the evolution of seawater 
chemistry. This thesis focuses on the carbonate microbialites including stromatolites. 
A number of mechanisms for constructing the carbonate microbialite have been 
suggested, which are largely divided into three: grain trapping, nucleation and 
precipitation.  
Grain trapping: Detritus particles are trapped into the biofilms by the growth of 
filamentous microorganisms and stabilized, which is suggested from the studies of Recent 
marine stromatolites (e.g., Gebelein, 1969). Particles are also trapped in the biofilms by 
simple physical trapping (baffling) and/or sticky exopolymers produced by microorganisms 
(e.g., Riding, 2000). However, trapped particles must be strengthened by early lithification 
in any case to remain as a construction. 
Nucleation: Exopolymer produced by microorganisms and microbial cell walls contain a 
Fig. 2 Recent marine stromatolites in Hamelin Pool, Shark Bay in western Australia. (A) The view of low tide







number of acidic functional groups which can bind positively charged cations such as Ca2+, 
and it is suggested that this binding results in the mineral nucleation (e.g., Pentecost and 
Riding, 1986). Indeed, it is demonstrated that different composition of exopolymer leads to 
different crystal type (e.g., Kawaguchi and Decho 2002a; Braissant et al. 2003). Although 
the inhibition of precipitation by exopolymer Ca2+ binding is also suggested (e.g., 
Kawaguchi and Decho, 2002b), the binding capacity must be considered quantitatively 
because exopolymers are not infinitive sponge for cations (see also Arp et al., 2001). 
Precipitation: It is suggested that saturation state of carbonate minerals is increased by 
the microbial metabolisms, and results in the mineral precipitation. A number of 
mechanisms have been suggested: photosynthetic CO2 assimilation (e.g., Pentecost and 
Riding, 1986), alkalinity increasing by ammonification, denitrification, sulphate reduction 
and anaerobic sulphide oxidation (see Dupraz and Visscher, 2005). In addition, mineral 
precipitation induced by non-living organic molecular is also suggested 
(organomineralization; e.g., Trichet and Defarge, 1995; Reitner et al., 1995). 
The most convincing material for understanding the mechanisms of ancient microbialite 
formation is the recent analogues. Especially stromatolites, fortunately still remain in the 
Recent ocean, have been intensively investigated, and these studies revealed that grain 
trapping and sulfate reduction by microorganisms are important for the stromatolite 
formation (e.g., Gebelein, 1969; Reid et al., 2000). However, Recent marine stromatolites 
mainly formed by grain trapping, while ancient stromatolites, particularly pre-Phanerozoic 
stromatolites are formed by in situ mineral precipitation (Awramik and Riding, 1988). 
Therefore, the investigation of Recent stromatolite analogous formed by in situ 
precipitation is required to understand the ancient stromatolite formation. In addition to 
the selection of optimum materials, the methods for investigating the microbial 
composition and their influences on the surrounding water chemistry are also important. 
In this study, the effects of microbial metabolisms and products on the mineral 
precipitation in the recent stromatolites formed by in situ precipitation are investigated by 
using the latest tools in environmental microbiology including microelectrodes, 
fluorescence in situ hybridisation (FISH) and confocal laser scanning microscopy (CLSM).  
By applying optimum tools for optimum samples, this study aims for understanding the 








Tufa: an analogue of ancient stromatolites 
 
Although there is no suitable analogue for the ancient stromatolite in the Recent ocean, 
there are a number of stromatolites formed by in situ precipitation in non-marine settings, 
one of which is the freshwater carbonate deposit in the karst creeks, called as tufa.  
There is terminological confusion in the freshwater carbonate deposits, and the terms 
“sinter” and “travertine” have been used for the carbonate deposits which have completely 
the same features of “tufa” (Julia, 1983). In this study, the term “tufa” is restricted for the 
freshwater deposits precipitated from karst water of meteoric origin, by following the 
definition of Ford and Pedley (1996). It is worth separating tufa from other non-marine 
carbonate deposits such as hot spring deposits by means of water source. Tufa-depositing 
water originated from meteoric water and pass through relatively shallow subsurface, and 
hence the concentrations of dissolved components are relatively low and its deposition is 
strongly influenced by climatic conditions. On the other hand, the water chemistry of hot 
spring reflects water-rock interactions in the deep subsurface, and contains higher pCO2 
and various metal ions if compared to that of tufa, and hence fabric and mineralogy of 
deposits are very diverse. 
The depositional process of tufa has been explained as follows. First, meteoric water pass 
through the soil, and equilibrate with soil atmosphere that has high pCO2 originated from 
the respiration of microorganisms. This water dissolves underlying limestone. When water 
recharged from subsurface, CO2 degasses from the water because pCO2 of normal 
atmosphere is much lower than that of subsurface. As CO2 degasses from the water, 
carbonate equilibrium shifts to increase CaCO3 supersaturation (Fig. 3). Tufa deposits, 
especially of which contentiously developing on the creek floor, are colonized mainly by 
filamentous cyanobacteria, and sometimes exhibit annual lamination. Although some 
researcher thought that microorganisms have strong influence on tufa precipitation, 
tufa-depositing water attains high supersaturation by physicochemical processes as 
described above, and there is no microbial effect on bulk water chemistry and isotopic 
records. Therefore many researchers nowadays are convinced that inorganic precipitation 
is the major process on tufa deposition, and microbial effects are negligible. However, the 
investigations of this thesis revealed that tufa is very interesting analogue of ancient 
stromatolites. As described in following chapters, microbial metabolisms controlled in situ 
mineral precipitation in the biofilm, and result in the stromatolite formation.  
In this study, two tufa-forming creeks in Germany were investigated. One is the 









Equilibrium of aqueous carbonate system 
 
It is necessary to understand the behaviors of carbonate species and cations (e.g., Ca2+, 
Mg2+) in water when we try to understand the precipitation of carbonate minerals, 
regardless of inorganic or organic processes involved. Particularly the nature of carbonate 
species is far from straightforward, and would be an important key for understanding 
carbonate precipitation. Here, the equilibrium of carbonate species will be briefly explained, 
and see the text books for the further details (e.g., Stumm and Morgan, 1996; Zeebe and 
Wolf-Gladrow, 2001). 
When CO2 dissolve in the water, it react with water and dissociate to form three different 
chemical species (Fig. 4): dissolved CO2 (CO2(aq)), bicarbonate (HCO3–) and carbonate 
(CO32–). Strictly there is also the form of carbonic acid (H2CO3) but its amount is much 
lower than the other species and here it is ignored for simplicity. Equilibrium constants of 




Fig. 3 Schematic view of tufa deposition. Water is meteoric origin which passed through the limestone bed. Tufa
deposits in the center of flow path sometimes show annual laminations (tufa stromatolite), and its biofilm mainly
composed of filamentous cyanobacteria. 







Table 1 Equilibrium constants delivered from Plummer and Busenberg (1982). T is in ˚K. 
log KH = 108.3865 + 0.01985076T – 6919.53 / T – 40.45154 log T + 669365 / T2 
log K1 = –356.3094 – 0.06091964T + 21834.37 / T + 126.8339 log T – 1684915 / T2 
log K2 = –107.8871 – 0.03252849T + 5151.79 / T + 38.92561 log T – 563713.9 / T2 
log KSP(calcite) = –171.9065 – 0.077993T + 2839.319 / T + 71.595 log T 
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These equilibrium constants and solubility product are the functions of temperature, which 
are available from literatures (Table 1 shows the equilibrium constants for freshwater; 
Plummer and Busenberg, 1982). The sum of CO2(aq), HCO3– and CO32– is called as total 
dissolved inorganic carbon, which is denoted either by DIC or ΣCO2. 
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It is clear from these equations that the concentrations of carbonate species are the 
functions of [H+], and thereby of pH ([H+] = 10–pH), when the temperature is constant (Fig. 









−− +=     (1.9) 
 
In the freshwater settings, carbonate alkalinity is almost same as total alkalinity. If two of 
six parameters (DIC, CA, [H+], [CO2], [HCO3–] and [CO32–]) are given, it is theoretically 





Activity and ionic strength 
 
Although equilibrium of carbonate species was expressed by using concentration for 
simplicity in the previous section, activity must be used for accurate thermodynamic 
calculation instead of concentration. The relationship between molar concentration [i] and 
activity of dissolved chemical specie {i} is followings, 
 
{} [ ]iii γ=       (1.10) 
 
where γi is activity coefficient of dissolved specie i. Activity coefficient relates with the 
interactions between ions, which is expressed by the concept, ionic strength I, as follows, 
 
[ ]∑= 2Zii2
1I      (1.11) 
 
where Zi is electric charge of i. Generally, water of ionic strength <0.1, 0.1–1 and >1 are 
called as “diluted”, “intermediate” and “concentrated” respectively. In the natural settings, 
these three examples correspond to river water, seawater and brine respectively.  







There are several methods for estimating activity coefficient that is the function of ion 







=γ      (1.12) 
 
where, A and B are temperature-dependent constants, å is radius of given ion. PHREEQC, 
a computer program used for calculating ion activities and saturation state in this thesis, 
employs this equation. Activity coefficients delivered from Debye–Hückel’s extended 
equation is accurate for the water with ionic strength of <0.1, while more complex 
calculations are required for precisely estimating activity coefficients of more concentrated 
water such as seawater. 
Similar to concentration and activity of ions, fugacity must be used for gases instead of 
partial pressure to calculate accurately. However, the fugacity of CO2 in most natural 
conditions is almost same as partial pressure, and therefore pCO2 was used in this thesis. 
 
Kinetics in liquid–solid interface 
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where k1–k4 are the rate constants, and H2CO3* is H2CO3 + CO2(aq). It is also possible to 
apply this equation to precipitation (Plummer et al. 1979; Reddy et al. 1981). However, 
their experiments dissolved finely crushed spar in turbulence which caused rapid 
dissolution. Care has to be taken when we apply this equation to the natural conditions 
because there is diffusive boundary layer (DBL) at solid surface in most cases. DBL is a 
thin film of water adjacent to the liquid-solid interface and transfer of dissolved component 
takes place by molecular diffusion in DBL, while turbulent and/or convective flow prevails 
in the water column (Fig. 6). The thickness of DBL strongly affects the precipitation rates 
of minerals, which significantly decreases when DBL becomes thicker due to the slow 
diffusion of ionic species as indicated by the theoretical calculation of Dreybrodt and 
Buhmann (1991; Fig. 7). DBL becomes thinner when the flow speed of water column 
becomes faster, and vice versa. The thickness of DBL is also affected by the shape of solid, 
and small particles tend to attain thinner DBL. Therefore, the equation (1.10) is the 








As revealed in later chapters, there is DBL of ~200 µm thick on the tufa surface even in fast 
flowing creeks. On the other hand, DBL enables steep chemical gradient upon the biofilm 
surface, which is measurable by microelectrode. Fig. 6 shows a typical microprofiles and 
the concept of its interpretation. As indicated in this figure, the concentration of dissolved 
component is stable in the water column due to the complete mixing by eddy diffusion and 
convection, while it changes in DBL due to the slow diffusion. The concentration decreases 
in DBL if biofilm consumes a component as a net, and vice versa. This results in the 
significant differences of concentrations between the water column, where the conventional 
water chemistry analysis measure, and DBL, of which chemistry is only measurable by 
microelectrode. 
Concentration gradient measured by microelectrode allows flux calculation of dissolved 
components by using Fick’s first law, 
 
dz
dCDJ −=      (1.14) 
 
where D denotes the diffusion coefficient (m2 s–1), dC is the concentration difference of a 
given ion (mol m–3), and dz is the diffusion distance (m). 
Fig. 6 Schematic of typical microprofile of dissolved component measured by microelectrodes. The










Fig. 7 Deposition rate of calcite in an open system as function of the calcium concentration at 20ºC. The numbers
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Photosynthesis, respiration and exopolymer 









Photosynthesis, respiration and exopolymer calcium-binding in 
biofilm calcification (Westerhöfer and Deinschwanger Creek, 
Germany) 
 




The impact of microbial activity on biofilm calcification in aquatic environments is still a 
matter of debate, especially in settings where ambient water has high CaCO3 mineral 
supersaturation. In this study, biofilms of two CO2-degassing karst-water creeks in Germany, 
which attain high calcite supersaturation during their course downstream, were 
investigated with regard to water chemistry of the biofilm microenvironment. The biofilms 
mainly consisted of filamentous cyanobacteria (Phormidium morphotype) and heterotrophic 
bacteria (including sulfate-reducing bacteria), which affect the microenvironment and 
produce acidic exopolymers. In situ and ex situ microelectrode measurements showed that a 
strong pH increase, coupled with Ca2+ consumption, occurred in light conditions at the 
biofilm surface, while the opposite occurred in the dark. Calcite supersaturation at the 
biofilm surface, calculated from ex situ Ca2+ and CO32– microelectrode measurements, 
showed that photosynthesis resulted in high omega values during illumination, while 
respiration slightly lowered supersaturation values in the dark, compared to values in the 
water column. Dissociation calculation demonstrated that the potential amount of Ca2+ 
binding by exopolymers would be insufficient to explain the Ca2+ loss observed, although 
Ca2+ complexation to exopolymers might be crucial for calcite nucleation. No spontaneous 
precipitation occurred on biofilm-free limestone substrates under the same condition, 
regardless of high supersaturation. These facts indicate that photosynthesis is a crucial 
mechanism to overcome the kinetic barrier for CaCO3 precipitation, even in highly 




Evidence of microbial activity may already be present in early sedimentary rocks as early 
as the Archean (Schidlowski 1988; Rosing 1999). Since that time, microbial activities have 
potentially been involved in mineral precipitation, recognizable as microbialites in 
geological successions. Stromatolites, one category of microbialite (Burne and Moore 1987), 
 
 




appeared approximately 3.5 billion years ago (Allwood et al. 2006) and were dominant for 
2.0 billion years and hence, they are expected to provide essential information about the 
evolution of the ancient earth-environment and early life (e.g., Awramik 1992). Indeed, 
microbial mineralization is strongly affected by the chemistry of surrounding environments, 
unlike biomineralization in higher plants and animals such as corals, coralline algae and 
vertebrates. This dependence on environmental chemical conditions is the reason why 
stromatolites and other microbialites are thought to provide important information about 
the ancient atmosphere and ocean chemistry (e.g., Riding 1982, 2006; Riding and Liang 
2005; Grotzinger and Knoll 1999; Arp et al. 2001a).  
Until now, several possible explanations have been provided for the mechanisms of 
stromatolite formation, including sediment trapping by bacterial filaments and adhesive 
extracellular polymeric substances (EPS), crystal nucleation by EPS, and in situ carbonate 
precipitation by CO2 removal of photosynthesis (see Riding 2000 for a review). However, it 
has been difficult to precisely assess the impacts of microbial effects on mineralization for 
several reasons: 1) microbialites are rare in recent marine environments, and 2) it is difficult 
to directly measure the influence of microbial activity in the microenvironments where 
precipitation takes place. Therefore, mechanisms of microbial calcification and stromatolite 
formation are still a matter of controversy, which includes the discussion about their 
potential abiotic origin (Grotzinger and Rothman 1996; Grotzinger and Knoll 1999). 
In order to overcome above-mentioned problems, a number of researchers have focused on 
one of the few present-day marine stromatolites, the Bahamian stromatolites, using 
microbiological methods, including microelectrodes, microautoradiography, fluorescence in 
situ hybridization (FISH), confocal laser scanning microscopy (e.g., Visscher et al. 1998, 
2000; Reid et al. 2000; Kawaguchi and Decho 2002a, b; Decho et al. 2005; Baumgartner et al. 
2006). These studies suggest that sulfate-reducing bacteria (SRB) play an important role in 
the gross calcification, while CO2 assimilation by photosynthesis has only little or no affect 
(for more detail, see Dupraz and Visscher 2005). However, Awramik and Riding (1988) 
insisted that most of the pre-Phanerozoic stromatolites are composed of lime mud 
precipitated in situ, and are therefore different from recent marine stromatolites, which 
have mostly formed by trapping detrital particles (see also Kempe and Kazmierczak 1990). 
In order to understand the pre-Phanerozoic ocean it is, therefore, necessary to investigate 
recent stromatolites formed by in situ CaCO3 precipitation, rather than detrital trapping. 
While the CaCO3 supersaturation of recent oceans is too low to support extensive biofilm 
calcification in open-marine settings, a number of non-marine or lagoonal settings show 
calcareous microbialites formed by in situ CaCO3 precipitation when approximately an 8- to 
10-fold calcite supersaturation in the macroenvironment is exceeded (Kempe and 
 
 




Kazmierczak 1990; Arp et al. 2001a). Here, carbon assimilation by autotrophs, such as 
cyanobacteria, is considered to be the major factor in shifting the carbonate equilibrium 
towards higher {CO32–} (braces denote activity). Indeed, Awramik (1984) emphasized that 
non-marine stromatolites mainly constructed by in situ CaCO3 precipitation are more 
suitable for the understanding of pre-Phanerozoic stromatolites than modern or Phanerozoic 
marine microbial mats and stromatolites. However, one question always arose in studies of 
environments where water already has a high supersaturation for CaCO3: Is biofilm 
calcification actively promoted by microbial activity that increases {CO32–} or passively by 
providing crystal nucleation sites?  
Tufa, formed by calcifying biofilms in CO2-degassing karst-water creeks (e.g., Ford and 
Pedley 1996), is one example of non-marine stromatolites (Riding 2000). The process of tufa 
formation has been explained as follows (Ford and Pedley 1996): First, meteoric water 
passes through the soil and equilibrates with the soil atmosphere that has high pCO2 
originating from the respiration of microorganisms. This water dissolves bedrock limestone. 
When the water is recharged from the subsurface, CO2 degasses from the water because 
pCO2 of the normal atmosphere is much lower than that of the subsurface. As the CO2 
degasses from the water, carbonate equilibrium shifts to increase CaCO3 supersaturation.  
Although Ford and Pedley (1996) considered both physical and biological processes to be 
important for tufa formation, some studies suggested that strong physical CO2 degassing 
attains enough supersaturation of bulk water to cause spontaneous CaCO3 precipitation 
(e.g., Jacobson and Usdowski 1975) and that biofilms of the tufa surface are calcified 
passively (e.g., Merz-Preiß and Riding 1999; Arp et al. 2001b). Indeed, stable carbon isotope 
records (e.g., Matsuoka et al. 2001) and uptake of radioactive-labeled CO2 by cyanobacteria 
(Pentecost 1978) show only minor signatures of microbial activities, especially 
photosynthesis. In addition, it was thought that if photosynthetic removal of CO2 can 
increase CaCO3 supersaturation, pH should be increased in the bulk water during daytime. 
However, the bulk water chemistry of tufa-forming creeks does not show diurnal pH changes 
and it was concluded that the effect of photosynthesis on tufa precipitation is negligible (e.g., 
Merz-Preiß and Riding 1999).  
Nonetheless, Arp et al. (2001a) have suggested that low concentrations of dissolved 
inorganic carbon (DIC), and consequently low carbonate-buffering of the tufa creek waters, 
imply that photosynthesis may significantly influence the carbon pool and {CO32–} within the 
microenvironment. The present paper attempts to evaluate the effects of photosynthesis, 
respiration and Ca2+ binding by EPS on CaCO3 precipitation in these highly supersaturated 
settings. For this purpose, and with the aim of contributing to the understanding of 
pre-Phanerozoic ocean, the tufa biofilms of two karst-water creeks in Germany were 
 
 




investigated by means of microbiological techniques including microelectrodes, FISH, and 
EPS staining. 
 
MATERIALS AND METHODS 
 
Study area 
Two hardwater creeks, the Westerhöfer and Deinschwanger Bach, and their calcifying 
biofilms were investigated (Fig. 1). The Westerhöfer Creek, located in the West of the Harz 
Mountains (51˚45’N, 10˚5’E) is less than 2 m wide and receives its waters from only one 
spring discharging from the Middle Triassic Muschelkalk-Group aquifer. The upstream, 
approximately 330 m long, section of this tufa-forming creek was investigated in this study 
(Fig. 1B). The spring site (WB01) and 300 m downstream (WB05) were chosen for the study 
sites. There is about 40 m difference in altitude between these two points. This creek has 
previously been investigated by Jacobson and Usdowski (1975), Usdowski et al. (1979), and 
Dreybrodt et al. (1992) with regard to hydrochemistry and oxygen and carbon stable isotopes. 
Their sampling site 9 corresponds to sampling site WB05 of this study. 
The Deinschwanger Creek, located at the western margin of the Franconian Alb (49˚23’N, 
11˚28’E) has previously been investigated by Arp et al. (2001b). This tufa-forming creek is 
Fig. 1 Locations of the Westerhöfer and Deinschwanger Creek. (B) The map of the Westerhöfer Creek showing the
locations of the two sampling sites (WB01 and WB05). (C) The map of Deinschwanger Creek, showing the
position of the side creek studied. (D) The detailed map of the Deinschwanger Creek side creek. The locations of
the two sampling sites (DB02 and DB07) are shown. 
 
 




fed by three main springs and a number of side springs (Fig. 1C), most of them discharging 
from the Upper Jurassic Weißjura-Group aquifer. The side creek flowing from the northern 
slope into the main creek was chosen as study site; the spring site (DB07) and 132 m 
downstream (DB02) of this side creek were selected for sampling (Fig.s 1CD). There is 
approximately 40 m altitude difference between these two points.  
 
Water chemistry analysis 
Samples for water chemistry were taken in May 2006 at the Westerhöfer Creek, and 
October 2005 at the Deinschwanger Creek. The pH of creek water was measured in the field 
with a portable pH meter (WTW GmbH) calibrated against standard buffers (pH 7.01 and 
10.01; HANNA instruments). Water samples were collected for measuring total alkalinity, 
cation and anion concentrations, and stored cool and dark until analysis. The samples for 
cation measurements were fixed by adding 50 µl concentrated methane sulfonic acid to 
50 ml sample water. Total alkalinity was determined by acid-base titration using a 
hand-held titrator and 1.6 N H2SO4 cartridges (Hach Corporation), and measured within 48 
h from sampling. Cation and anion concentrations were measured by ion chromatography 
(Dionex Corporation). Dissolved silica concentrations were measured by photometric 
methods according to Grasshoff et al. (1983). 
Measured values were processed with the computer program PHREEQC (Parkhurst and 
Appelo 1999) in order to calculate ion activities and pCO2 of the water samples as well as 
saturation state with respect to calcite which is given by 
 
Ω(calcite) = {Ca2+} × {CO32–} / Ksp(calcite)   (2.1) 
 
where the numerator is the ion activity product and Ksp(calcite) denotes the solubility product 
of calcite.  
 
Biofilm sectioning, staining and microscopy 
In order to investigate the compositions of tufa biofilms, biofilm samples were collected 
from the downstream sites of both creeks. Samples were collected from the Westerhöfer 
Creek (WB05) in June 2005 and from the Deinschwanger Creek (DB02) in October 2005. 
Resin-embedded, non-decalcified sections were prepared as described by Arp et al. (1998). 
Samples for FISH and EPS staining were decalcified in 20 % Formical–2000 (Decal 
Chemical Corporation Ltd.) and embedded in paraffin as described by Hoffmann et al. 
(2003). 
In this study, the acidic groups of EPS were stained using Alcian Blue, which is the 
 
 




cationic dye that detects anionic substances (Scott et al. 1964; Ramus 1977). Although there 
are several methods for Alcian Blue staining with regard to solution pH, the method of pH 
2.5 introduced by Romeis (1989) was applied. First, paraffin sections were treated with 3 % 
acetic acid for 3 min., then transferred to 1 % Alcian Blue in 3 % acetic acid and stained for 
30 min. followed by washing with 3 % acetic acid and 3 times distilled water. Sections were 
then stained by Nuclear Fast Red for 3 min., washed with distilled water 3 times, followed 
by ethanol series dehydration, 2 min. xylol treatment, and dropped Biomount (British 
Biocell International Ltd.), and enclosed by a cover glass. 
For FISH, the following rRNA-targeted oligonucleotide probes labeled by Cy3 were 
applied: EUB338 (specific for the domain Bacteria; Amann et al. 1990), SRB385 (specific for 
most members of delta subclass Proteobacteria including Desulfobacteriaceae; Rabus et al. 
1996), non-EUB338 (complementary sequence to EUB338; Wallner et al. 1993). 
Hybridization procedures were based on those described by Manz et al. (2000).  
Alcian Blue stained sections were examined with a Zeiss Axioplan microscope. Other 
sections were examined with a Zeiss 510 Meta laser scanning microscope, equipped with Ar 
laser (458, 477, 488 and 514 nm) and He-Ne laser (543 and 633 nm).  
 
Organic and inorganic carbon analysis 
Organic and inorganic carbon deposition rates of tufa were measured in order to estimate 
annual CaCO3 deposition per unit area. Coring of tufa samples was conducted at the 
downstream sites of the Westerhöfer Creek (WB05) in June 2005 in October 2005 and 
October 2006 at the Deinschwanger Creek (DB02). Core samples were taken from the centre 
of the flow path, and annually laminated and flat deposits were chosen for the 
measurements. Cores were then divided into each layer, one layer hereof representing a 
one-year-deposit, except for currently developing surface layers which were also analysed for 
comparison. Pictures of samples were taken by conventional digital camera and surface area 
was measured with the image-processing software Scion Image (Scion Corporation). 
Samples were dried at 50˚C for 24 h and weighed. They were then ground to powder in a 
mortar and pestle, and weight % of organic and inorganic carbon were measured by 
Multiphase Carbon Determinator LECO RC–412. In our protocol, samples were heated to 
500°C, and organic carbon counted for 120 sec., after which samples were heated to 900°C 
and inorganic carbon counted. 
In the tufa samples inorganic carbon originates from CaCO3. Therefore CaCO3 
depositional amount per unit area was calculated as follows: 
 
CaCO3 deposition = (MCaCO3 × Cinorg × W) / (MC × S) (2.2) 
 
 





where MCaCO3 and MC are the molecular and atomic weights of CaCO3 and carbon 
respectively, Cinorg is the weight ratio of inorganic carbon, W is the dry weight of tufa (g), and 
S is the surface area of the sample (m2). Because of the chemical variability of organic 
matter it is impossible to calculate the depositional amount of organic compounds directly 
from weight % of organic carbon. The maximum organic contents were, therefore, estimated 
by subtracting the weight of CaCO3 from the total sample weight, because the main 
components of tufa other than CaCO3 seem to be organic compounds and clay minerals. 
However, these values cannot be regarded as annual production of organic compounds, since 
all organics produced by surface tufa biofilms would not remain in deposits. 
 
Microelectrode measurements 
In situ and ex situ microelectrode profiles of pH, O2, Ca2+ and CO32– were measured in 
order to evaluate microbiological effects at the tufa surface; the site of calcite precipitation. 
O2 microelectrodes (tip diameters of 10 µm) were prepared according to Revsbech (1989). pH, 
Ca2+ and CO32– were measured with ion-specific liquid ion-exchange (LIX) membrane glass 
microelectrodes with tip diameter of 10 µm (de Beer et al. 2000; Gieseke and de Beer 2004). 
Microelectrodes positioning was controlled by a motorized micromanipulator (VT–150, 
Micos, Eschbach). The microelectrodes were connected to a picoamperemeter (for O2) or 
milivoltmeter (for the rest) and output was collected by a data acquisition box (NI 
DAQPad–6015, National Instruments, Austin). In situ pH and O2 microprofiles were 
measured at site DB02 (11:00–15:00, October 2005). Light intensity was almost constant 
through the measurements (~200 µE m–2 s–1). In addition, ex situ measurements of pH, O2, 
Ca2+ and CO32– concentration profiles were also carried out. For ex situ measurements, 
biofilm samples were taken from site WB05 three days before the measurement (October 
2006) and incubated at 10˚C under a light:dark cycle of 12:12 h until the measurements. Ex 
situ measurements were conducted at room temperature (~25˚C), in a recirculating 
aquariums filled with spring water (WB01). For comparison, pH and Ca2+ profiles of a 
limestone substrate devoid of a biofilm were also measured under the same conditions. Light 
measurements were performed using a fiber-optic lamp (KL 1500, Schott; 500 µE m–2 s–1). 
The tips of microelectrodes were set to the biofilm surface using a dissection microscope 
(SV6, Zeiss). 
Fluxes were calculated from measured profiles using Fick’s first law, 
 








where D denotes the diffusion coefficient (m2 s–1), dC is the concentration difference of a 
given ion (mol m–3), and dz is the diffusion distance (m). The diffusion coefficients of O2 and 
Ca2+ are derived from literature values as follows: O2 at 25˚C is 2.35 × 10–9 m2 s–1 (Broecker 
and Peng 1974), Ca2+ at 25˚C is 0.793 × 10–9 m2 s–1 (Li and Gregory 1974).  
Ca2+ and CO32– concentration microprofiles were used to calculate saturation with respect 
to calcite. Ksp(calcite) (3.31 × 10–9 at 25°C, consistent with the PHREEQC database) was given 
by Plummer and Busenberg (1982). {Ca2+} and {CO32–} were estimated by applying the 






Both investigated creeks displayed the typical hydrochemical evolution of high pCO2 
hard-water creeks. In the Westerhöfer Creek, pCO2 rapidly decreased from the spring site 
(11.4 × 10–3 atm, WB01) to the site 300 m downstream (1.31 × 10–3 atm, WB05). Coupled 
with CO2 degassing pH increased from 7.33 to 8.22 (Table 1). Accordingly, saturation state of 
calcite increased along the flowpath reaching more than 10-fold supersaturation. At the 
downstream site, ongoing carbonate precipitation was evident from the decrease of calcium 
concentration and total alkalinity. Water of the Westerhöfer Creek tended to have high SO42– 
concentrations, reflecting the discharge from the evaporite-containing limestones of the 
Middle Triassic Muschelkalk-Group. 
At the side creek of Deinschwanger Creek, changes of water chemistry along the creek 
were similar to that observed in the Westerhöfer Creek apart from high NO3– concentrations 
due to agricultural run-off. In comparison to the Westerhöfer Creek, slightly higher 
pH-value (8.48) and calcite supersaturation (15-fold) were recorded at the downstream site 
(DB02, Table 1), where loss of calcium and total alkalinity due to carbonate precipitation 
was observable.  
 
Table 1 Water chemistry of the spring and the downstream sites in the investigated creeks, and experimental
water used for ex situ microelectrode measurements 
 
 





Fig. 2 Micrographs of the topmost tufa biofilms of the Westerhöfer (A, B, E and F) and Deinschwanger Creek (C,
D, G and H). A–D are resin embedded sections viewed under CLSM. Yellow represents autofluorescence, green
calcein staining, and white reflected signal (mostly derived from carbonate crystals). E–H are paraffin sections
stained by Alcian Blue, and viewed under transmitted light microscopy. E and G are composite photographs










Biofilm compositions at the downstream sites of both creeks (WB05 and DB02) were very 
similar. Major primary producers were filamentous cyanobacteria (3–5 µm wide) of 
morphotype “Phormidium incrustatum” (Figs. 2A–D). They formed thick (200–500 µm) 
biofilms at the top of the deposits and left empty calcareous tubes behind. They were 
accompanied by Lyngbya-type and coccoid cyanobacteria and filamentous green algae of 
genus Cladophora (Fig. 2B). In addition, many diatoms such as Achnanthes, Gomphonema, 
Nitzschia, and Navicula occurred at the biofilm top and scattered around the cyanobacterial 
filaments (Figs. 2E–H). FISH results showed the presence of heterotrophic bacteria 
including sulfate-reducing bacteria (Fig. 3). The EPS matrix within the biofilm exhibited an 
acidic property, as demonstrated by Alcian Blue staining (Figs. 2E–H).  
 
Microprofiles of tufa biofilm 
In situ pH and O2 microprofiles at daytime showed constant values in the water column 
(pH 8.5 and 350 µmol L–1 O2) with a strong increase in the diffusive boundary layer (DBL) at 
the tufa surface (pH 9.5 and 900 µmol L–1 O2; Fig. 4). 
Microprofiles of pH, O2, Ca2+ and CO32– under light and dark conditions were also 
measured ex situ (Fig. 5). They showed a thicker DBL (400–800 µm) than in situ (200 µm), 
due to slower flow rates in the laboratory experiment. Nonetheless, pH and O2 microprofiles 
were comparable to in situ microprofiles, and all ex situ microprofiles showed a clear diurnal 
pattern. Upon illumination, pH, O2 and CO32– concentrations increased from the water 
column (pH 8.2; O2 250 µmol L–1; CO32– 20 µmol L–1) to the biofilm surface (pH 9.0; O2 700 
µmol L–1; CO32– 100 µmol L–1), while Ca2+ concentrations showed a decrease from 3.5 to 2.1 
mmol L–1. As a result, calcite supersaturation calculated from Ca2+ and CO32– microprofiles 
exhibited a strong increase from 8-fold in the water column to 27-fold at the biofilm surface 
(Fig. 5). The opposite took place in the dark: pH, O2 and CO32– decreased toward the biofilm 
surface (pH from 8.2 to 8.0; O2 from 250 to 130 µmol L–1; CO32− from 20 to 13 µmol L–1), 
coupled with a minor Ca2+ increase from 3.4 to 3.6 mmol L–1. Consequently, calcite 
Fig. 3 FISH micrographs of Westerhöfer tufa viewed under CLSM. Green indicates probe signal, red indicates
autofluorescence of cyanobacteria, and white indicates reflected signal (probably mostly clay minerals). (A)
EUB338. (B) SRB385. 
 
 




supersaturation decreased from 8-fold in the water column to 6-fold at the biofilm surface 
under dark conditions (Fig. 5).  
On the other hand, pH and Ca2+ microprofiles of limestone substrate without biofilm 
showed no change on the surface. Ca2+ concentration of the experimental water during these 
measurements was lower than that of biofilm measurements, because previous 
measurements of the tufa biofilm and inorganic precipitation by CO2 degassing reduced Ca2+ 
concentration (Table 1). 
O2 and Ca2+ fluxes calculated from the in situ and ex situ microprofiles of the tufa biofilm 
are shown in Table 2. 
 
Annual depositional rates 
Table 3 shows depositional amounts of CaCO3 per unit area calculated from weight % of 
inorganic carbon, surface area, and dry weight of laminated tufa samples. These values are 
regarded as annual depositional amounts, except for developing surface samples. The 
resulting annual depositional rates were 2934–4514 g m–2 year–1 (mean is 3935 g m–2 year–1) 
at downstream sites of the Westerhöfer Creek (WB05), and 2148–3598 g m–2 year–1 (mean is 
2867 g m–2 year–1) at downstream sites of the Deinschwanger Creek side creek (DB02). 
Maximum organic contents were 210–615 g m–2 in WB05 and 373–693 g m–2 in DB02. 
Surface samples tended to contain higher amounts of organic components, but this was not 
always the case. 
Fig. 4 In situ microelectrode measurements of pH and O2 in the Deinschwanger Creek (DB02). (A) Picture of in
situ measurement, which shows exact measuring point in a flow fast zone of the creek. (B) Microprofiles of pH
and O2. Dashed line represents diffusive boundary layer (DBL), the solid line the tufa surface. 
 
 








Photosynthesis and Ca2+ complexation by EPS 
Non-marine stromatolites are formed by calcifying biofilms in highly supersaturated 
environments. Such environments are achieved by physicochemical processes such as 
mixing of Ca2+-supplying freshwaters with highly alkaline waters, evaporation, and 
degassing of CO2. In the sites studied herein, physicochemical mechanisms and 
photosynthetic CO2 assimilation, which both potentially affect carbonate equilibrium and 
cause CaCO3 precipitation, take place simultaneously. Therefore, considerable controversy 
exists regarding whether biofilm calcification in such environments is physicochemically 
(inorganically) or biologically controlled, including the discussions on tufa formation. 
However, a number of geomicrobiological studies on present-day biofilms indicate that 
microorganisms can significantly influence the water chemistry of microenvironments (e.g., 
Grözschel and de Beer 2002; Kühl and Jørgensen 1992). The present study also corroborated 
this view, even in the highly supersaturated tufa creeks. Although experimental 
temperature of ex situ measurements was higher than creek water temperature, results 
were in general confirmed by comparable in situ microprofiles. Upon illumination, pH, O2 
and CO32– increased at the tufa biofilm surface, coupled with a strong Ca2+ decrease. At dark 
conditions in turn, pH, O2 and CO32– microprofiles showed a decrease coupled with a minor 
Fig. 5 Ex situ microprofiles of tufa biofilm (pH, O2, Ca2+ and CO32–) and biofilm-free limestone substrate (pH and
Ca2+) from the Westerhöfer Creek (WB05). Open circles indicate light profiles, and closed circles indicate dark
profiles. Saturation state (Ωcalcite) calculated from Ca2+ and CO32– profiles is also shown.  
 
 





Ca2+ increase (Figs. 4, 5), and hence, net Ca2+ loss towards the biofilm occurred (Table 2). 
Saturation state of calcite increased at the tufa biofilm surface during illumination and 
decreased under dark conditions, compared to ambient water conditions (Fig. 5). The 
light–dark cycle of Ca2+ profiles at the tufa surface demonstrated that physicochemical 
CaCO3 precipitation from the water column alone does not explain tufa formation in 
karst-water creeks. Instead, the results suggest that tufa biofilms force CaCO3 precipitation 
via changing the microenvironmental water chemical by photosynthesis in the light, inhibit 
precipitation by respiration in the dark, and consequently control CaCO3 precipitation, even 
in already highly supersaturated water.  
The explanation above implies that observed Ca2+ flux towards the biofilm under 
illumination is caused by direct CaCO3 precipitation promoted by photosynthetic activity. 
Instead, Ca2+-binding by acidic EPS may be considered as an alternative to explain Ca2+ 
fluxes. As indicated by Alcian Blue staining, the tufa biofilms contain a significant 
concentration of acidic groups in the EPS matrix (Figs. 2E–H) that can bind Ca2+ (Pentecost 
1984; Decho 1990, 2000) and thereby would inhibit CaCO3 precipitation at first (Kawaguchi 
and Decho 2002a). Decomposition of this EPS by heterotrophic bacteria may then increase 
Ca2+ and alkalinity and cause CaCO3 precipitation, as suggested by Arp et al. (1998) for soda 
lake tufa towers and Visscher et al. (1998, 2000) and Reid et al. (2000) for the calcification of 
recent marine stromatolites.  
However, such EPS-mediated mechanism cannot explain the observed Ca2+ flux because 
Ca2+ influx occurs only under the illumination and responds to light and dark very quickly 
(in the order of minute), which is hard to explain by the production of acidic groups. 
Although pH shifting on tufa biofilms causes reversible Ca2+-binding and releasing by the 
protonation and deprotonation of acidic groups, it cannot account for the observed Ca2+ flux, 
as shown in followings. Dissociation of an acidic group, HA, is expressed as HA ↔ H+ + A–. 
The equilibrium constant of this reaction, Ka, is expressed by the relationship: 
 
pKa = pH + log [HA] / [A–] = pH + log [1 – α] / [α] (2.4) 
 
where α denotes the degree of dissociation. Even if the total organic of the biofilm (~693 g 
Table 2 O2 and Ca2+ fluxes calculated from microprofiles 








m–2; Table 3) would consist solely of glucuronic acid (pKa is 3.0; Smith et al. 1997), one 
common acidic EPS component in the biofilms (e.g., Pentecost and Riding 1986), the effect of 
a pH-rise from 8.08 to 9.02 (as derived from the ex situ measurements; Fig. 5) would cause a 
Ca2+ flux of only –3.04 × 10–10 mol m–2 s–1 because carboxyl group mostly dissociate in this 
pH range (see also Braissant et al. 2007). This flux is significantly lower than the measured 
flux (–4.37 × 10–6 mol m–2 s–1; Table 2). Moreover, Ca2+ flux caused by acidic groups takes 
place only during pH rising (duration of several minutes), while measured Ca2+ flux 
continued as long as light was supplied. These facts indicate that EPS-mediated mechanism 
has negligible role for the observed Ca2+ flux. On the other hand, the observed minor Ca2+ 
release from the biofilm in the dark might be explained by decomposition of Ca2+-binding 
EPS, but further investigations are necessary to fully understand this phenomenon.  
Although the effect of Ca2+-binding by acidic EPS on sustaining CaCO3 precipitation is 
minor in the investigated biofilms, it is assumed that acidic EPS probably play an important 
role in crystal nucleation. As shown by many researchers, different EPS compositions can 
lead to different crystal types (e.g., Kawaguchi and Decho 2002b; Braissant et al. 2003), and 
different cyanobacterial species exhibit different calcification fabrics (e.g., Merz 1992; 
Pentecost and Riding 1986). Therefore, EPS can probably influence the formation of tufa 
fabrics by providing nucleation sites, as can the cell surfaces of heterotrophic bacteria (e.g., 
Ferris and Beveridge 1984; Bosak and Newman 2003).  
The results discussed above are based on studies in freshwater settings, and when 
transferring these results to marine biofilm calcification, higher ionic strength that reduces  










the ion activities, and the existence of inhibiters such as Mg2+ (e.g., Morse 1983) must be 
taken into account. However, photosynthesis-induced CaCO3 precipitation theoretically also 
occurs in seawater environments, as shown by Ludwig et al. (2005), who reported the same 
mechanism from hypersaline microbial mats, where ion concentration is much higher than 
in the seawater (Jonkers et al. 2003). Therefore, if the saturation state of 
macroenvironments is sufficiently high (e.g., 8- to 10-fold) and if the DIC pool is too low to 
buffer the {CO32–} increase (Arp et al. 2001a), photosynthesis can induce CaCO3 
precipitation. Indeed, model calculations by Arp et al. (2001a) predict that the effect of 
carbonate-buffering in the Westerhöfer and Deinschwanger Creek is sufficiently low to 
permit the formation of calcified cyanobacterial tubes by photosynthesis-induced 
calcification (Fig. 6; for details of calculations see Arp et al. 2001a), although they assumed 
that the photosynthetic effect in tufa systems is largely overridden by CO2 degassing (Arp et 
al. 2001a: p. 1702, l. 48–51).  
 
Ca2+ mass balance 
It is possible to convert estimates of annual CaCO3 depositional rates (Table 3) into Ca2+ 
fluxes by assuming a 12 h:12 h average annual light–dark cycle. Calculated fluxes are –1.85 
to –2.86 × 10–6 mol m–2 s–1 in WB05, and they are similar to the net Ca2+ influx of ex situ 
measurements (–3.81 × 10–6 mol m–2 s–1; Table 2), although their values are slightly lower. 
This difference may be explained by stronger illumination during ex situ measurements in 
the laboratory, which causes stronger effect of photosynthesis. In addition, the average 
integral of in situ Ca2+ flux in the daytime might be lower than the assumption of half-day 
illumination. A better estimate of the annual Ca2+ flux could be obtained by measuring 
diurnal and seasonal patterns of Ca2+ flux and average illumination in situ in future 
Fig. 6 Computed microenvironmental rise of saturation index (∆SIcalcite) caused by 200 µmol L–1 CO2 assimilation 
in various DIC conditions. Solid curve indicates the “freshwater curve”, the theoretical change with pCO2 of 10–3.5
atm. For details, see Arp et al. (2001a). Calculated values from actual water samples were plotted on the figure, 
including those from the Westerhöfer and Deinschwanger Creek. Lake Chiprana, the hypersaline lake 








research. Nonetheless, both Ca2+ fluxes measured by microelectrodes and calculated from 
actual tufa deposits are of the same order of magnitude and, therefore, support the 
contention that annually laminated tufa deposits in the investigated creeks are formed by 
photosynthesis-induced precipitation. 
 
CaCO3 precipitation in highly supersaturated settings 
Fig. 5 shows that there was no rapid, spontaneous CaCO3 precipitation on the biofilm free 
limestone substrate, regardless of the 8-fold supersaturation (Table 1). The potential 
inorganic precipitation rate of calcite was calculated from water chemistry parameters using 
the equation of Plummer et al. (1978) as follows: 
 
R = – k1 {H+} – k2 {H2CO3*} – k3 + k4 {Ca2+}{HCO3–} 
 
H2CO3* = H2CO3 + CO2(aq)    (2.5) 
 
This equation was originally provided for dissolution, but it is also possible to apply it to 
precipitation (Plummer et al. 1979; Reddy et al. 1981), and represents the maximum 
inorganic precipitation rate of calcite in very turbulent water (Dreybrodt and Buhmann 
1991). For the rate constants (k1–k4), the revised values of Buhmann and Dreybrodt (1985) 
were applied. In the case of the ex situ measurements of the biofilm-free limestone substrate 
(Fig. 5), a Ca2+ flux of –2.39 × 10–6 mol m–2 s–1 is expected from this equation without CO2 
degassing when water is highly agitated, whereas actual measurements showed no Ca2+ flux. 
This indicates that rapid inorganic precipitation does not occur due to the kinetic barrier 
under slow flow speed, even if water is 8-fold supersaturated (e.g., Dreybrodt and Buhmann 
1991). Even in the relatively fast flowing creek, there was a diffusive boundary layer of ~200 
µm thick (Fig. 4) which significantly impeded inorganic precipitation (Dreybrodt and 
Buhmann 1991; Dreybrodt et al. 1992). By contrast, the diffusive boundary layer allows the 
establishment of chemical gradients, and affects positively for photosynthesis-induced 
precipitation to stimulate rapid precipitation without high water agitation (Fig. 5). 
This fact indicates that photosynthesis is an important mechanism in overcoming the 
kinetic barrier to promote carbonate precipitation, even in settings already highly 
supersaturated. As a consequence, macroenvironmental high supersaturation with respect 
to CaCO3 minerals does not imply a negligible role of photosynthetic carbon fixation in 
stromatolite formation. This may apply to non-marine and marine settings including 
Precambrian and certain periods of Phanerozoic Ocean that are considered having been 
highly supersaturated with respect to CaCO3 minerals (Grotzinger 1989, 1990, 1994; Knoll 
 
 








1. In situ and ex situ microelectrode measurements showed that microbial activities of 
cyanobacteria-dominated biofilms considerably influenced the water chemistry of tufa 
surfaces despite of overwhelmingly high supersaturation of the microenvironment. Tufa 
biofilms stimulated CaCO3 precipitation by photosynthesis and inhibited it by 
respiration when photosynthesis was absent. The tufa biofilms, thus, controlled CaCO3 
precipitation.  
2. Although the Ca2+-binding of EPS was quantitatively of minor importance with regard 
to maintaining CaCO3 precipitation in the tufa biofilms, it probably plays an important 
role in crystal nucleation. 
3. Photosynthesis is an important mechanism in overcoming the kinetic barriers to cause 
CaCO3 precipitation in many natural settings, even those that are already highly 
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Microbial mediation of stromatolite formation in karst-water 
creeks 
 





Epi- and endolithic biofilms were found to control the formation of stromatolites in karst 
water creeks. We used microsensors to determine the influence of biological processes on 
chemical conditions within the microenvironment of crystal nucleation sites: the 
stromatolite surface. Phototrophic members of the biofilms comprised mainly cyanobacteria 
and diatoms. Oxygen, pH, calcium, and carbonate concentration microprofiles at the 
stromatolite surface and boundary layer showed a strong diurnal rhythm of calcium 
carbonate precipitation. During illumination, photosynthesis caused oxygen production, a 
marked increase in pH and CO32– concentrations, and a decrease in Ca2+ concentration at 
the stromatolite surface due to calcium carbonate precipitation. The opposite occurred in the 
dark, indicating decalcification. Calcite was approximately 16 times oversaturated in the 
bulk water, photosynthesis induced an increase of the oversaturation to > 27 at the 
stromatolite surface under illumination, and respiration induced a decrease of the 
oversaturation to < 10 in the dark. Photosynthetically stimulated calcium carbonate 
precipitation was confirmed by radioactive isotope (45Ca2+) uptake studies. Over a 24 hour 
light:dark cycle biofilms were net calcifying. Biotic activity within the stromatolite has a 
large effect on conditions at its surface, and therefore contributes considerably to the 




Calcareous stromatolites are amongst the oldest known biological formations and provide 
insights into early-earth environments and climates. For this reason, it is essential that 
processes governing their formation and dissolution are understood. Presently-forming 
stromatolites are rare in marine settings, but a common and much investigated feature of 
karst regions (Grüninger 1965; Merz-Preiss and Riding 1999). Such karst-water creek 
stromatolites have been termed tufa stromatolites, and defined as macroscopically 
laminated benthic microbial deposits produced by precipitation of minerals on organic tissue 
 
 





(Riding 1990). The role of biofilms in the formation of these stromatolites is still debated. 
Early studies suggested precipitation primarily caused by CO2 assimilation by 
cyanobacteria, eukaryotic algae, and plants (Pia 1926; Pia 1933; Wallner 1934). Later 
hydrochemical investigations, however, concluded that precipitation is largely 
physicochemically driven by rapid CO2 degassing from high pCO2 groundwater (Herman 
and Lorah 1987; Merz-Preiss and Riding 1999; Usdowski et al. 1979), with only a minor 
contribution from photosynthetic CO2 removal. This conclusion was reached when it was 
observed that calcium and dissolved inorganic carbon (DIC) were lost from water as it 
moved downstream, but no diurnal pattern was observed in creek-water chemistry. Even in 
instances where phototrophic communities were observed to affect whole stream inorganic 
carbon dynamics (Spiro and Pentecost 1991), the development of tufa:travertine deposits 
was seen as a largely abiotic process. The biofilms in the creeks investigated in the current 
study were very thin (<100 µm), and indeed whole stream-water chemistry parameters are 
hardly affected by biological activity. We tested the hypothesis that in these thin biofilms 
strong shifts in local water chemistry are possible due to photosynthetic and respiratory 
activity, and that these shifts have highly localised effects on the stromatolite surface where 
calcium carbonate precipitates.  
Precipitation of calcite is initiated when calcium carbonate becomes supersaturated and 
suitable nucleation sites are present. Karst-waters have a low Mg2+:Ca2+ ratio (< 2) and 
therefore low-Mg-calcite is usually the main component in their stromatolite formations 
(Arp et al. 2001; Irion and Müller 1968). Photosynthesis and respiration can have a large 
affect on carbonate chemistry. Photosynthesis removes CO2 and shifts the carbonate 
equilibrium towards carbonate, thereby increasing Ω. Respiration increases CO2, and 
therefore has the opposite effect. Consequently, photosynthesis can lead to calcification, 
while respiration can lead to calcite dissolution when Ω decreases to values below one. In 
other aquatic settings, such as hypersaline lakes (Ludwig et al. 2005) and marine sediments 
(Werner et al. unpubl.) microsensor studies have demonstrated the potential for 
phototrophic communities to remove large amounts of CO2 and enhance calcification. For 
stromatolite forming biofilms in fresh-water settings, this has not yet been investigated, and 
the view still prevails that the primary mechanism behind stromatolite precipitation is CO2 
degassing (Pentecost 1995). 
It is also thought that, in addition to metabolic activity, biofilm components, particularly 
acid-organic compounds, that can strongly bind Ca2+, in extra-cellular polymeric substances 
(EPS), influence CaCO3 precipitation. EPS is a common component of biofilms (Decho 1990; 
Nealson 1997; Neu and Lawrence 1999) and may contribute to precipitation in two ways: (1) 
suitably arranged acidic EPS groups create a template for precipitation and promote 
 
 





nucleation upon saturation with Ca2+ (organomineralisation), and (2) the decomposition of 
EPS liberates HCO3– and Ca2+ and thereby increases calcite oversaturation (Arp et al. 2003; 
Decho et al. 2005; Dupraz and Visscher 2005; Trichet and Defarge 1995).  
Previous studies in the Deinschwanger Creek (see methods) (Arp et al. 2001) were 
inconclusive as to the exact role of the biofilm in stromatolite formation. Hitherto, diurnal 
rhythms have not been observed in this creek (Arp et al. 2003), due to resolution limitations 
of the bulk water analysis methods used. Previous results have not excluded that the 
phototrophic biofilms diurnally control the local, i.e., on the stromatolite surface, water 
chemistry. We have, therefore, performed both in situ and ex situ experiments to investigate 
the role of the biofilm in stromatolite formation in more detail. We used fine scale 
microsensor and β-imaging techniques to elucidate the influence of biofilm activity on 
carbonate chemistry and precipitation at the stromatolite surface. 
 
Materials and methods 
 
Creek sites 
The Deinschwanger creek is located near Nürenberg, in southern Germany (49˚23’N, 
11˚28’E), and the Westerhöfer near the Harz mountains in northern Germany (51˚45’N, 
10˚5’E). Both sites have been used for previous studies on calcification and are described in 
more detail in (Arp et al. 2001) and (Usdowski et al. 1979). Both sites show active laminated 
stromatolite formation of up to 1.8 mm yr–1.  
 
Sampling 
Water samples for DIC and calcium measurements were taken from both the creeks and 
the aquariums during incubation. fifteen mL samples were filtered (0.2 µm) into exetainers 
(Labco Ltd., Buckinghamshire, England) containing HgCl2, sealed without air bubbles, and 
stored in the dark at 4˚C until analysis. 
Stromatolite samples for laboratory incubations were taken with a motorized core-drilling 
device, in October 2005 and 2006 from the Deinschwanger creek and May 2006 from the 
Westerhöfer creek. Samples were stored in ambient creek water in coolers and transported 
to the laboratory within 24 h. At the Deinschwanger, samples were collected from two 
distinct sites. Site 1 comprised a small stromatolite cascade downstream of the spring, in a 
shaded site in the forest. The stromatolite was laminated and several cm thick. At this site 
the creek was approximately 1 – 5 cm deep and exhibited a fast flow rate of approximately 
0.7 m s–1. Site 2 was a well illuminated section of the lower creek, was approximately 20 cm 
deep, and had a lower flow rate (approximately 0.05 m s–1) than site 1. Site 2 exhibited thin 
 
 





(up to 1 mm), fragile carbonate crusts. At the Westerhöfer samples were only taken from one 
site, which was similar to site 1 from the Deinschwanger. Here the creek was fast flowing 
and shallow, with laminated stromatolite several cm thick. Ambient pH at all sampling sites 
was 8.4. 
In the laboratory, samples were stored in temperature controlled (10˚C), aerated 
recirculating aquariums (total volume approximately 30 L) containing creek water. Creek 
water was collected without air bubbles, in 20 L plastic containers, at the same time cores 
were taken. The water was stored in the dark at 4˚C until it was added to the aquarium 




Bulk water pH was determined with a MA130 pH electrode (Mettler Toledo, Colombus, 
Ohio, USA) directly in the creek and in the experimental aquaria. Ca2+ was determined by 
ICP–OES (Perkin Elmer Optima 3300 DV) and DIC by CO2 Coulometer (UIC Coulometrics, 
Joliet, USA). 
 
Algal pigment analysis 
Triplicate biofilm samples from the Deinschwanger Creek (sites 1 and 2) and single 
samples from incubation experiments were analysed for algal pigments to assess the change 
in algal communities induced by experimental conditions. Samples taken freshly from the 
creek were stored on ice and frozen (–20˚C) as soon as possible (<24 h). Samples used for 
laboratory studies were immediately frozen after the incubations. For analysis, frozen 
samples were placed in 15 mL centrifuge tubes, in 3 mL of 100% acetone, and sonicated on 
ice for 10 x 1 minute. Pigments were extracted from the mixture at –20˚C, overnight. 
Samples were then filtered (Acrodisc CR syringe filter, 0.45 µm pore size, PALL, Gellman 
Laboratory) and diluted with water to a final concentration of 70% acetone. Photo-pigments 
were separated on a HPLC (2690 Separation module, Waters), equipped with a 
Eurospher–100 C18, 5 µm Vertex column (Knauer, Berlin, Germany), according to the 
method of (Wright et al. 1991). Absorption spectra of the separated compounds was 
measured on a Waters 996 photo diode array detector and pigments quantified and 
identified by comparison to pigment standards (DHI Waters and Environment, Denmark). 
 
Microelectrode measurements and calculations 
Microelectrodes are ideal tools to measure chemical gradients in biotic systems at fine 
(µm) scale, see (Gieseke and De Beer 2004) for a review of microsensor form, function and 
 
 





application to microbiological samples. Microelectrode profiles of pH, O2, and Ca2+ 
concentration gradients were measured in situ at the two creeks. Profiles of these and CO32– 
were also made ex situ, in the laboratory, using biofilm covered stromatolite cores.  
Liquid membrane Ca2+ and pH sensors (tip 20µm) were prepared and calibrated as 
described previously (De Beer et al. 2000; De Beer et al. 1997). Liquid membrane CO32– 
sensors were constructed similarly to the other liquid membrane sensors and calibrated as 
described in de Beer et al. (unpubl.). For carbonate system components pK1 (6.464) and pK2 
(10.489) were calculated after (Millero 1979), for fresh water and at 10˚C. Fast responding 
O2 microsensors (tip 10µm) were prepared as described previously (Revsbech 1989). Biofilms 
were very thin (50 – 100 µm) and it was difficult distinguish to the biofilm surface from that 
of the calcium carbonate tufa.  Indeed the bioflims were partly endolithic.  The glass 
electrodes could not penetrate the hard mineral surface.  All electrodes were, therefore, 
placed at the stromatolite:biofilm surface while viewing the sample through a dissection 
microscope. The surface was then set at 0, and all measurements were made above the 
surface. Negative distances indicate that the sensor is above the stromatolite:water 
interface, that is, in the overlying water. Sensors were connected to a micromanipulator, 
which was fixed onto a motorised stage (VT–150, Micos, Eschbach, Germany) and allowed 
reproducible positioning of the sensor tip with 1 µm precision. The microelectrodes were 
connected to a picoammeter (O2 electrode) or a milivoltmeter, and the meter output was 
collected by a data acquisition device (NI–Daq 6015, National Instruments, Austin, Texas, 
USA). After positioning at the surface, profiling was done automatically, motor control and 
data acquisition were performed with a computer and custom written software (µ–Profiler, 
Dr. L. Polerecky). All profiles were corrected for offset to ion levels in the bulk liquid, as 
measured by the water analyses. For in situ microelectrode measurements, the 
micromanipulator was mounted to a heavy stand and placed in the creek, on the 
downstream side of the measuring position. 
Interfacial fluxes (J) were calculated from the concentration profiles using Fick’s first law: 
 
J = D × (dc / dx)      (3.1) 
 
where D is the diffusion coefficient and dc:dx is the interfacial concentration gradient, i.e., 
the concentration gradient in the mass boundary layer directly adjacent to the stromatolite 
surface. The diffusion coefficients of O2 and Ca2+ are literature derived values corrected for 
temperature and type of counter ion (Broeker and Peng 1974; Li and Gregory 1974). 
Estimated diffusion coefficients of oxygen are, 4˚C: 1.28 × 10–9 m2 s–1; 10˚C: 1.57 × 10–9 m2 s–1 
and 17˚C: 1.934 × 10–9 m2 s–1. Diffusion coefficients for Ca2+ with HCO3– as counter ion are, 
 
 





4˚C 0.546 × 10–9 m2 s–1; 10˚C: 0.67 × 10–9 m2 s–1 and 17˚C: 0.827 × 10–9 m2 s–1.  
Calcite saturation is given by the saturation state omega,  
Ω = [Ca2+] × [CO32–] / K(calcite)    (3.2) 
where the numerator is the ion concentration product (ion activities were not incorporated) 
and the denominator the solubility product. Ω > 1 indicates supersaturation, while Ω < 1 
indicates undersaturation. The solubility product for calcite was taken from (Plummer and 
Busenberg 1982). 
 
Incubations with radiotracers 
Stromatolite samples from both creeks were subject to radio tracer incubation with 45Ca2+. 
Stromatolite samples were incubated under three experimental conditions: (1) under 
illumination with 150 mol quanta m–2 s–1, (2) in the dark, and (3) fixed with formaldehyde 
(2 %) control, and analysed by both scintillation counting and ß-imaging. During each 
treatment, stromatolite samples were incubated in 400 mL filtered creek water at 20˚C, and 
gently stirred. Prior to addition of the radiotracer, the stromatolite pieces were left for at 
least 2 h to recover from the transfer. Radioactive tracer, 45Ca2+ as CaCl2, (Amersham 
Pharmacia Biotech, UK) was added to each beaker to a final activity of 3 kBq mL–1 (specific 
activities were 74.0 MBq mL–1) in all the experiments. Samples were incubated with tracer 
for 1, 3, 6, and 24 h. 
After the incubation, the samples were fixed in 2 % formaldehyde for 2 hours. The fixed 
stromatolite samples were then washed 4 times for 5 min in 200 mL filtered creek water. 
Samples were then left to air dry overnight.  
Samples for scintillation counting were weighed and dissolved in 10 mL of 12 N HCl. Two 
mL of dissolved sample was then added to 3 mL of Ultima gold scintillation cocktail 
(Perkin-Elmer, Massachusetts, USA) and radioactivity determined using a Packard TR 2500 
liquid scintillation counter operating in efficiency tracing mode to correct for quench. 
Samples for β-imaging were immersed in Epothin resin (Buehler, Düsseldorf, Germany), cut 
into approximately 4 mm cross sections with a diamond band saw (Proxon MBS 240E, 
Niersbach, Germany) and polished flat with a Buehler Beta polishing system. β-imaging 
auto-radiographs of the stromatolite samples were acquired in a Micro- Imager (Laniece et 
al. 1998). The resin fixation and polishing process occasionally produced artifacts in the data 
obtained by the β-imager. These artifacts were caused by air-bubbles in the resin, which 
filled with radioactive dust when the samples were cut and polished. They were easily 
recognizable as a circular “hotspot” that coincided with an air-bubble induced hole. These 













Sample description and pigment analysis 
Stromatolite biofilms in both the Deinschwanger and Westerhöfer Creeks were 
green-brown and composed of cyanobacteria, diatoms, and associated non-phototrophic 
bacteria. Pigment composition was analysed only for samples from the Deinschwanger creek, 
site 1 (small tributary on northern valley side) and site 2 (lower end section, near end of 
stromatolite deposition). 
Samples from site 1 comprised thick stromatolite cores, whose top was covered by an 
approximately 50 –100 µm thick green and brown biofilm, while those at site 2 comprised an 
equally thick brown colored biofilm covering a 1 mm thick, fragile carbonate crust. The 
appearance of the samples did not change markedly during the study, but biofilm thickness 
sometimes increased slightly. Pigment composition did not change markedly during 
incubation (Fig. 1). The pigment concentrations and compositions in samples at the end of 
incubations were similar to those from the creek, showing that the algal community 
remained stable during incubations. Pigment concentrations were higher at site 2. The 
composition of the pigments was similar at both sites. Pigments were dominated by 
chlorophyll a and β-carotene. Smaller amounts of fucoxanthene, zeaxanthine, phaeophytin 
and chlorohylide a were also seen in both sites. Fucoxanthene and zeaxanthine and 
phaeophytin indicate the presence of cyanobacteria and diatoms in these biofilms. 
 
In situ measurements 
In situ profiling was complicated by the heterogeneous substrate topography, debris 
flowing down the river, and difficult visualisation of the hard substratum by poor light  
Fig. 1 Algal pigments in tufa samples from the Deinschwanger Creek (sites 1 and 2) prior to and following 










conditions. Consequently, in situ microprofiling was often interrupted by breaking of 
microsensors. In situ concentration gradient profiling was successfully carried out for O2, pH 
and Ca2+ in both the Deinschwanger and Westerhöfer Creek, although not all species could 
be profiled both in the day and night at both sites (Figs. 2 and 3). The data clearly indicate a 
day:night change in chemical conditions on the stromatolite surface. Flux’s calculated from 
profiles are given in Table 1. Photosynthesis occurred at the stromatolite surface of both 
creeks in daylight and caused a flux of O2 from the biofilm to the water column, an increase 
in pH at the stromatolite surface and a concomitant decrease in Ca2+ ion concentration. The 
night profiles showed the opposite. In the Westerhöfer a decrease in O2 concentration occurs 
with respiration and an increase in Ca2+ concentration is evident. At the Deinschwanger 
only a pH profile was obtained at night, which shows a decrease in pH at the stromatolite 
surface, indicating respiratory activity. The efflux of Ca2+ in the dark is lower than its influx 
in the light thus, during a 12:12 h photoperiod, there is a net flux of 1.2 x 10–5 mol Ca2+ m2 
s–1 towards the stromatolite surface over a full 24 h cycle. 
 Deinschwanger Creek Westerhöfer Creek 
 Oxygen Calcium Oxygen Calcium 
Day 5.6 × 10-6  -2.0 × 10-5 1.0 × 10-6 -1.3 × 10-5 
Night   -9.1 × 10-7 7.3 × 10-6 
Fig. 2 In situ concentration profiles of Ca2+, pH, and O2 at Deinschwanger Creek. 
 
Table 1 In situ fluxes (mol m2 s-1) of oxygen and calcium in the Deinschwanger and Westerhöfer Creek.  A
negative flux indicates a flux from the water column towards the tufa surface. 
 
 






Ex situ measurements 
The in situ measurements were complemented with a detailed ex situ study. In samples 
from both creeks, under illumination O2 and pH increased due to photosynthesis, coincident 
to a decrease in Ca2+. The opposite occurred under dark conditions (Figs. 4 and 5). 
Respiration resulted in O2 consumption and a decrease in pH.  The Ca2+ profile also 
changed with this change in metabolism, such that Ca2+ uptake (CaCO3 precipitation) 
ceased and its release from the tufa (apparent CaCO3 dissolution) occurred. The carbonate 
concentration increased at the stromatolite surface during light conditions, and decreased in 
the dark (Fig. 5). Fluxes calculated from the profiles are shown in Table 2. The fluxes of both 
O2 and Ca2+ were similar during in situ measurements and the laboratory incubations. 
Accurate quantitative comparisons are difficult because of the heterogeneity of the samples. 
Carbonate profiles, measured by carbonate microsensor in several samples from the  
 Deinschwanger creek Westerhöfer Creek 
 Oxygen Calcium Oxygen Calcium Carbonate 
Light 4.37 × 10-6 (1) 
1.62 × 10-6 (2) 
-1.30 × 10-6 (1) 
-8.88 × 10-7 (2) 
3.24 × 10-6 -3.42 × 10-6 2.39 × 10-7 
Dark -3.75 × 10-7 (1) 
-4.3 × 10-7   (2) 
1.16 × 10-7 (1) 
0                
(2) 
-2.47 × 10-7  -1.44 × 10-7 
Fig. 3 In situ concentration profiles of Ca2+ and O2 at Westerhöfer Creek. 
 
 
Table 2 Ex situ fluxes (mol m2 s-1) of oxygen, calcium, and carbonate in the Deinschwanger and Westerhöfer









Westerhöfer Creek, agreed well with carbonate profiles modeled from the bulk water DIC 
concentrations and pH microprofiles using the CO2 system equations (Zeebe and 
Wolf-Gladrow 2001) (data not shown). Subsequently, bulk water DIC and pH microprofiles 
were used to predict the CO32– concentration and Ω profiles for tufa samples (Fig. 6). These 
calculations revealed an increase in CO32– in light, which caused Ω to become > 20. The 
opposite was seen in the dark, with CO32– and Ω becoming < 10. 
Water flow had a small effect on the photosynthesis rates. Increasing the flow rate from 
0.009 L s–1 to 0.035 L s–1 caused the diffusive boundary layer (DBL) to decrease in thickness 
from approximately 600 µm to 200 µm and the areal rate of O2 production to increase from 
1.93 × 10–6 to 2.47 × 10–6 mol m–2 s–1.  The height of the DBL indicates the range over which 
diffusion determines chemical gradients.  The smaller the DBL the faster chemicals can 
move between the overlying water and the sediment surface.  Flow rates in situ were very 
fast, and the DBL probably slightly less than that in our ex situ experiments.  This, 
however, does not change the interpretation of the clear diurnal calcium dynamics observed.  
 
Radiotracer incubations 
Scintillation counts of whole samples showed that calcium was incorporated under all 
conditions, but rates of incorporation in the light were approximately twice as high as in the 
dark and controls (Fig. 7). Dark rates equaled control rates, indicating that in the dark the  
Fig. 4 Ex situ concentration profiles Ca2+, pH, and O2 from Deinschwanger Creek tufa biofilm samples.  (A) Site











Fig. 5 Ex situ concentration profiles Ca2+, pH, O2, and CO32- from Westerhöfer Creek tufa biofilm samples. 
 
 
Fig. 6 Measured microprofiles of pH and Ca2+ in the (A) light and (B) dark and predicted CO32- and calcite
saturation Ω calculated from the measured pH profiles and bulk water DIC concentrations.  Samples from the













calcium uptake was mainly isotopic exchange. The β-imaging (Fig. 8) confirmed that uptake 
of 45Ca2+ was stimulated by light, and that Ca- uptake preferentially occurred at the 
stromatolite surface.  Indeed, 45Ca2+ uptake appears to occur most strongly in the middle of 
the biofilm, but can be seen throughout the whole biofilm (photosynthetic zone), not only at 
the biofilm:overlying water interface.  In the dark and control samples radioactive signals 




There has been a long controversy regarding whether stromatolites in karst-water creeks 
are formed by biological removal of CO2, so by photosynthesis, or by CO2 degassing. It is, 
however, conceivable that both processes occur simultaneously in the creek: in the 
water-column the carbonate system is driven by abiotic forces, as suggested previously, 
while stromatolite formation is driven by metabolic processes. We propose that the most 
dominant calcification process in the creek does not result in stromatolite formation, but 
occurs in the water column and the precipitated calcium carbonate is washed from the 
spring area as suspended crystals. This calcification process is driven by CO2 degassing and 
manifests itself as a downstream calcium loss from the water column, and a downstream pH 
increase, with no diurnal pattern to the calcium loss, stream pH or saturation-state 
parameters. This physical process was well documented in similar systems and also in the 
creeks of this study (Merz-Preiss and Riding 1999; Usdowski et al. 1979). 
Parallel to this physicochemical process, a biologically controlled calcification results in 
stromatolite formation. Local CO2 fixation by photosynthesis leads to calcification in the top 
100 µm of the stromatolite surface. Interestingly, apparent decalcification is observed during 
the night, due to respiration, so locally the biological processes can counter the massive  
Fig. 7 45Ca2+ uptake of tufa samples from the Deinschwanger Creek. (A) Site 1 and (B) site 2.  Open bars
represent light incubations, black bars dark incubations, and gray bars formaldehyde fixed controls.  X-axis










physical process of out-gassing. The biological processes exert no significant influence over 
the whole stream carbonate system, so does not induce diurnal rhythms in pH and Ca2+ 
concentrations in the water column. Indeed a rough, conservative calculation can be made 
regarding the relative contributions of the two processes. Assuming about 100 m2 of 
stromatolite area, a flow rate of 2 L s–1, Ca2+ flux estimated from actual tufa deposits (about 
4 mm thick annual lamination, unpublished data) and Ca2+ loss from the bulk water of 0.4 
mmol L–1, stromatolite precipitation accounts for less than 15 % of the creek’s calcium loss. 
The biological processes are only measurable at the stromatolite surface with 
high-resolution methods, such as microsensors. The biological effects on the water column 
pH or Ca2+ concentrations are lost in the overwhelming background of the larger CO2 
degassing driven process. However, locally the effects of biological processes are highly 
significant. The biological precipitation process, which results in stromatolite growth, 
manifests itself as precipitation at the stromatolite surface and exhibits a clear diurnal 
rhythm, synchronous with biofilm photosynthetic and respiration processes. The present 
microsensor pH, O2 and Ca2+ profiles clearly demonstrate this diurnal pattern and therefore 
a decisive biological control on the microenvironment and Ca2+ removal for stromatolite 
formation. 
It is also argued that biofilms merely act as nucleation site for calcification or concentrate 
calcium by binding to EPS (Dupraz and Visscher 2005). With this in mind, two possible 
Fig. 8 β-images of light and dark incubated tufa samples from the Deinschwanger Creek after 24 hours.  The









scenarios will be discussed in view of the observed Ca2+ microprofiles and radiotracer data, 
(1) Ca2+-uptake at newly produced EPS without precipitation and later Ca2+ release due to 
pH decrease or EPS decomposition causing precipitation in a second step, or (2) CaCO3 
precipitation caused by photosynthetic CO2 removal. 
The first scenario does not explain our radiotracer data: EPS is produced mainly under 
illumination and decomposed in the dark (Decho and Lopez 1993; Epstein 1997; Staats et al. 
2000). If release of Ca2+ from EPS were driving supersaturation under these conditions, 
CaCO3 would be precipitated in the dark. All samples were illuminated immediately before 
the tracer experiment. If release of Ca2+ bound to EPS was initiating precipitation, 45Ca2+ 
uptake should have been seen in both the light and dark treatments.  In the light as the 
tracer was bound to EPS, and in the dark as previously bound Ca2+ was released, leading to 
CaCO3 supersaturation and precipitation. This was not the case; 45Ca2+ uptake was observed 
only in the light. We do not exclude that pH changes induced by photosynthesis:respiration 
cycles make EPS more amenable to Ca2+ binding in the light and release in the dark (Gregor 
et al. 1996). Such a scenario would show Ca2+ uptake during the day, due to binding to EPS, 
and release in the night, as EPS groups become unfavourable to binding. Under such a case 
of binding and release the Ca2+ is not precipitated, but merely removed from and returned to 
the water-phase. As EPS can have only a limited number of binding sites, the uptake and 
release would be transient, occurring during the pH transitions upon illumination or 
darkening. No such behaviour of Ca2+ microprofiles was observed: typical light and dark 
profiles were stable for 12 hours. The Ca2+ taken up during the day is also clearly 
precipitated as CaCO3. 
Thus the second scenario, that biofilm photosynthetic activity changes conditions at the 
stromatolite:water interface (the site of precipitation), by removal of CO2, to such an extent 
that rapid CaCO3 precipitation is the most probable.  
As reported in (Arp et al. 2001) the stromatolite biofilms were dominated by cyanobacteria 
and diatoms. The pigment data show that the community, is stable when removed from the 
creek to the laboratory, and is thus an appropriate model for ex situ experimental 
investigations. Water chemistry parameters also varied somewhat between our in situ and 
ex situ measurements. The Ca2+ and DIC concentrations decreased as the incubations 
continued. Particulate deposits were observed on the base of the recirculating incubation 
system, but a light:dark pattern to calcium loss was only observed at the stromatolite 
surface. The loss of Ca2+ and DIC may be seen in the relatively low bulk water Ω observed 
during the light in our ex situ measurements (Fig. 6). Despite these variations, and although 
the resultant rates may differ somewhat between the in- and ex situ measurements, general 
patterns are the same. The differences in rates (that seem generally higher in in situ 
 
 





measurements) might be an effect of the different analytical set-ups (lab vs. creek) or due to 
the natural variation caused by mat patchiness. The level of replication used for the in situ 
measurements is necessarily small, thus quantitative interpretation of the microsensor 
observations to whole creek systems must be done with caution. The general agreement 
among the processes indicated and patterns observed between the different measurements, 
however, make it appropriate to discuss in general terms the overall processes occurring in 
the mats, based on both our in situ and ex situ observations. 
The apparent, slight, Ca2+ flux to the water phase in the dark period, despite an Ω value 
always greater than 1, may be explained by dissolution that occurred below the stromatolite 
surface, in the endolithic part of the biofilm, which the microsensors could not reach. 
Heterotrophic activity probably continues below this zone and creates an environment 
conducive to stromatolite dissolution. As the stromatolite dissolves in the dark, Ca2+ diffuses 
upward, past the stromatolite surface, and is recorded by microsensors as Ca2+ flux from the 
stromatolite.  
The importance of photosynthesis, not merely the presence of the biofilm and its potential 
nucleation sites, was also shown by the incubation of samples with the radioactive tracer 
45Ca2+. Incorporation rates of the tracer were highest in the photosynthesising sample and 
ß-imaging showed the tracer to be specifically incorporated in the biofilm covered surfaces. 
The incorporation can be seen at or just below the surface of the light incubated samples 
(Fig. 8). The region just below the surface is within the biofilm and would be the zone of 
highest pH. The incorporation seen occasionally at the base of the samples was not an 
artifact. The samples were incubated in aquariums for several weeks and the biofilms had 
colonised parts of the underneath and sides of the samples. Thus, both the light stimulated 
uptake rates and the distribution of tracer incorporation are compatible with 
photosynthetically driven calcification. 
It is interesting that not only was the calcium flux toward the stromatolite surface higher 
in the in situ measurements, but also the rate of photosynthesis. This agrees with lab 
results on flow rates, which suggest photosynthesis should be lower in the slower flow rates 
of the laboratory. 
Because replication in this study was low, the exact rates determined herein need to be 
taken with some caution, but the diurnal pattern and net precipitation (rather than net 
dissolution) over a light:dark cycle observed here was remarkably persistent over all 
samples. 
While further studies are needed to elucidate the exact mechanism and rates of nucleation 
and precipitation in these stromatolite creek systems, the biological activity of their 
phototrophic communities appears to be much more important than previously thought. 
 
 





Despite not driving the total stream, carbonate system dynamics, the biofilm has a strong 
influence over the state of the carbonate system at the sites of nucleation. We have 
demonstrated this, for the first time, by observing a strong diurnal pattern in Ca2+ and CO32– 
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Ex situ microelectrode experiments, using cyanobacterial biofilms from karst-water 
creeks, were conducted under varying pH and temperature and constant alkalinity to 
investigate the affect of changing environmental parameters on cyanobacterial 
photosynthesis-induced calcification. Contrary to previous assumptions, the highest 
photosynthesis-induced rise in pH was observed at comparatively low pH conditions (7.8). 
This may be due to a high pCO2 gradient from outside to into the cyanobacterial cell, thereby 
facilitating photosynthetic CO2 assimilation. In turn, comparatively high pH conditions (8.9), 
and hence low pCO2 gradient, are less favourable for cyanobacterial calcification under 
illumination, but maintain a minor Ca2+ flux into the biofilms under dark conditions due to 
the increased background calcite supersaturation.  
A temperature increase from 4 to 17°C increased biological activity, as indicated by O2 
fluxes, although the effect on pH was non-linear. In summary, a rise in pCO2 and minor 
decrease in pH may have been more favourable for the formation of cyanobacterial tubular 
microfosssils in the fossil record, given constant alkalinity, while temperature effects appear 





Calcifying biofilms have contributed significantly to the formation of carbonate sediments 
throughout earth-history (Burne and Moore, 1987; Riding, 1991; Riding, 1999). These 
sediments are known as microbialites and, if macroscopically laminated, stromatolites. 
Their temporal and geographic distributions have been used to infer the impacts of 
metazoan evolution (Walter and Heys, 1985; Awramik, 1971) and changes in ocean 
chemistry (Riding, 1992; Grotzinger and Kasting, 1993; Arp et al., 2001). Many 
stromatolites are formed in the photic zone of shallow-water environments by thin 
cyanobacterial biofilms, rather than by thick microbial mats, which tend to produce more 
irregular fabrics.  
 
 





The principal mechanisms involved in stromatolite formation are (1) heterogeneous 
crystal nucleation at acidic extra-cellular polymeric substances, and (2) increases in the Ca2+ 
× CO32– ion activity product (IAP), which may be induced by microbial activity (e.g., 
photosynthesis, sulphate reduction) and/or external physicochemical factors (e.g., 
evaporation, CO2-degassing). Lamination of microbialite deposits may result from a number 
of factors, including, seasonally induced changes to calcification process induced by changes 
in biofilm composition and calcium carbonate mineral supersaturation. Some calcifying 
biofilms exhibit fabrics containing cyanobacterial CaCO3 tubes, such as Girvanella or 
Cayeuxia, that can be preserved as microfossils. These cyanobacterial tubes have been 
attributed to photosynthesis-induced pH microgradients under conditions of low DIC and 
consequently low, bulk-phase, pH buffering (Arp et al., 2001). Specifically, the impact of a 
given amount of C removal on changes in CaCO3 supersaturation should, theoretically, 
increase with decreasing DIC concentration and initial pH. Other factors that have been 
discussed in this context are temperature and CaCO3 mineral supersaturation (Kempe and 
Kazmierczak, 1990; Riding, 1992). 
Despite the importance of understanding these processes to paleoenvironmental 
interpretations, experimental studies on calcification in cyanobacterial communities are 
rare (e.g., Merz, 1992; Dittrich et al., 2003), and the specific relationship between various 
environmental factors, such as temperature and pH conditions, on photosynthesis-induced 
calcification of cyanobacterial biofilms have not, thus far, been investigated. Temperature 
changes may alter the rate of abiotic degassing and the rate of biological processes, and 
hence precipitation. Changes to bulk water pH will alter the bulk water CaCO3 saturation 
state, but may not have such a great affect at the stromatolite surface, if biological processes 
are maintained. In this study, the results of ex situ microelectrode experimental studies, 
using cyanobacterial biofilms from karst-water creeks, are presented and discussed with 




Samples and sample collection 
Samples were collected from the Deinschwanger Bach, as described in Bissett et al. (2008).  
The Deinschwanger Bach lies near Nürnberg (49˚23’N, 11˚28’E), in southern Germany and 
has been used for previous studies on cyanobacterial biofilm calcification. It is described in 
more detail in Arp et al. (2001) and shows active laminar stromatolite formation up to 1.8 
mm/year. 
Samples were collected from two distinct sites for pH manipulation experiments. Site 1 
 
 





comprised a small stromatolite cascade 65 m downstream of a side spring. At this site the 
creek was approximately 1–5 cm deep and exhibited a fast flow rate (approx. 40 cm s–1). 
Stromatolite at Site 1 was laminated and several cm thick. Site 2 was a well illuminated 
section of the lower creek, approx 20 cm deep, and had a lower flow rate (approx. 10 cm s–1) 
than Site 1. Site 2 exhibited thin (up to 1 mm), fragile carbonate crusts. Samples from Site 2 
only were used for temperature manipulation experiments. Samples were removed from the 
creek with a motorized core-drilling device (modified Stihl chainsaw) and stored in ambient 
creek water in coolers until return to the laboratory, within 24 hours. Creek water for the 
experiments was collected without air bubbles in 20 l plastic containers and stored at 4°C in 
the dark until use. 
 
Laboratory setup 
Once in the laboratory, samples were stored in temperature controlled, aerated, 
recirculating aquariums (total volume approx. 30 L) containing creek water. Samples were 
removed to flow cells connected to the same recirculating water supply for ambient and 
temperature manipulated measurements, and to a separate reservoir of creek water for pH 
manipulated experiments. pH was manipulated by the addition of CO2, in bottled “mineral 
water”, to lower pH, or by aerating the reservoir with CO2 free air (air scrubbed in NaOH), 
to raise it. During pH adjustments, pH was monitored continuously with a MA130 ion 
detector (Mettler Toledo, Colombus, Ohio, USA) and CO2 addition or removal rates adjusted 
to maintain the desired pH. 
Microelectrode measurements comprised three sets of measurements. The first were 
measurements of O2, pH and Ca2+ concentration profiles on samples held at ambient creek 
conditions (temp. 10°C, pH 8.4). The second comprised measurements of concentration 
gradients of the same ions on the same samples under conditions of elevated (8.9) and 
lowered (7.8) pH. The final set of measurements (the same ions as above) involved 
temperature manipulations on samples from the Deinschwanger Bach, collected 12 months 
later. In this set of measurements temperature was raised from the ambient 10°C to 17°C 
and lowered to 4°C. 
 
Microelectrode measurements and calculations 
Liquid membrane Ca2+ and pH sensors were prepared and calibrated as described 
previously (de Beer et al., 2000; de Beer et al., 1997). Fast responding O2 microsensors were 
also prepared as described previously (Revsbech, 1989). All electrodes were placed at the 
stromatolite surface, manually, while viewing the sample through a dissection microscope. 
The stromatolite surface was then set at 0, and all measurements made above the surface. 
 
 





Negative distances indicate that the sensor is above the stromatolite/water interface. 
Profiling was automated after electrodes were positioned at the stromatolite surface. 
Sensors were connected to a micromanipluator, which was fixed to a motorized stage 
(VT–150, Micos, Eschbach, Germany) and allowed reproducible positioning of the sensor tip 
with 1 µm precision. The microelectrodes were connected to a picoammeter (O2 electrode) or 
a milivoltmeter, and the meter output was collected by a data acquisition device (NIDaq 
6015, national Instruments, Austin, Texas, USA). After positioning at the surface, profiling 
was performed automatically. Motor control and data acquisition were performed with a 
computer and custom written software (µ–Profiler, Dr. L. Polerecky). All profiles were 
corrected for offset to ion levels in the bulk liquid: oxygen concentrations in the bulk liquid 
were determined from literature values at experimental temperatures (salinity = 0 ppt), pH 
as described above, Ca2+ by ICP–OES (Perkin Elmer Optima 3300 DV) and DIC by CO2 
Coulometer (UIC Coulometrics, Joliet, USA). 
Interfacial fluxes (J) were calculated from the concentration profiles using Fick’s first law: 
 
J = D × (dc/dx)     (4.1) 
 
where D is the diffusion coefficient and dc/dx is the interfacial concentration gradient, i.e., 
the concentration gradient in the mass boundary layer directly adjacent to the stromatolite 
surface. 
Calcite saturation is given by the saturation state omega (Ω),  
 
Ω = {Ca2+} × {CO32–} / K(Calcite)  (4.2) 
  
where the numerator is the IAP and the denominator the solubility product. K(calcite) is given 
by Plummer and Busenberg (1982). Carbonate concentrations were determined from bulk 
water DIC and pH microprofiles. For the calculation of Ω(Calcite), activities were estimated by 
applying the activity coefficients of experimental water delivered from PHREEQC (0.686 for 
Ca2+ and CO32–). 
 
Diffusion coefficients 
The diffusion coefficients of O2 and Ca2+ are literature derived values corrected for 
temperature and type of counter ion (Li and Gregory, 1974; Broeker and Peng, 1974). 
Diffusion coefficients of oxygen are, 4°C: 1.28 × 10–9 m2 s–1; 10°C: 1.57 × 10–9 m2 s–1 and 17°C 
1.934 × 10–9 m2 s–1. Diffusion coefficients for Ca2+ with HCO3– as counter ion are 4 °C: 0.546 
× 10–9 m2 s–1; 10°C: 0.67 × 10–9 m2 s–1 and 17°C: 0.827 × 10–9 m2 s–1.  
 
 









Concentration profiles of O2, pH, and Ca2+ were successfully measured on all samples (Fig. 
1) at experimentally manipulated pH’s. It should be noted that slight discrepancies in the 
observed height of the diffusive boundary layer (DBL) and bulk water concentrations of 
chemical species measured are evident in the results presented. The profiles presented are 
averages of two positions on each sample and these variations indicate both the 
heterogeneity within the samples and also the difficulty in aligning the various sensors to 
exactly the same position on each sample. The profiles do, however, show a strong, 
consistent pattern. 
In all samples photosynthesis increased O2 concentration at the stromatolite surface in 
light incubations, causing a concomitant increase in pH and a decrease in Ca2+ ion 
concentration. In dark incubations, respiration resulted in a decrease in O2 concentration 
and often a small decrease in pH and increase in Ca2+ concentration. In the high (8.9) pH 
treatment, however, a decrease in calcium ion concentration was seen in both light and dark 
incubations.  
Flux rates of O2 and Ca2+ and pH changes (∆ pH) achieved are presented in Table 1. In all 
treatments pH’s approached the same values in both light and dark incubations, although 
there were some small differences, largely between sites.  
At both sites pH increased towards the biofilm surface under illumination, with larger ∆ 
pH values in the low pH treatment (7.8) than in the high pH treatment (8.9). Only the high 
pH (8.9) treatment at Site 2 showed a moderately high ∆ pH value, deviating from this 
general trend. In the dark, a decrease in pH towards the biofilm surface was observed for 
both sites, with increasing ∆ pH values from the low pH (7.8) to the high pH treatment (8.9). 
The highest fluxes of O2 from the biofilm were seen in the samples at ambient pH (8.4) at 
both sites, as were the highest O2 fluxes to the biofilm surface during dark incubations.  
The flux of Ca2+ was somewhat more complicated. Calcium flux was always towards the 
biofilm surface in light conditions, but the magnitude of the fluxes varied between the 
treatments. At Site 1 the flux was highest in the high pH treatment and lowest in the low 
pH treatment. The converse was true at Site 2. The actual fluxes, though, were reasonably 
similar. Dark fluxes were much lower than those seen in the light, and except in the high 
(8.9) pH treatment, were all away from the biofilm surface. The flux towards the biofilm 
surface at Site 2 was, however, very small. The data clearly show a biologically controlled, 
diurnal pattern to calcium precipitation. 
 
 





 Site 1 
Experimental pH 7.8 8.4 8.9 
Initial pH actually 
achieved 
7.8 8.4 8.9 
O2 flux light (mol m-2 s-1) 







Ca2+ flux light (mol m-2 s-1) 







∆ pH light 








 Site 2 
Initial pH actually achieved 7.6 8.4 8.9 
O2 flux light (mol m-2 s-1) 







Ca2+ flux light (mol m-2 s-1) 







∆ pH light 








Calcite saturation state microprofiles (Fig. 2), calculated from bulk water DIC, pH and 
Ca2+ microprofiles, demonstrate the degree to which ΩCalcite is controlled by the carbonate 
system. ΩCalcite profiles mirrored pH profiles and indicated that the waters were 
supersaturated with respect to calcite under all experimental conditions.  
At both sites illumination caused a photosynthetically induced increase in ΩCalcite. In turn, 
a clear decrease in ΩCalcite is evident at both sites without illumination. The high pH (8.9) 
treatment for Site 1 showed no significant ΩCalcite change under illumination, but a strong 
decrease in the dark. For Site 2, a similar decrease of ΩCalcite under dark conditions was 
calculated, while under illuminated conditions the rise in ΩCalcite reflects the pH increase.  
 
Temperature Manipulations 
The second experiment comprised manipulations of temperature, in order to investigate 
its affects on calcification processes. In light of the heterogeneity in each sample indicated by 
Table 1 Fluxes of oxygen and calcium and pH changes at biofilm surfaces measured in samples from the 
Deinschwanger Bach. For fluxes, positive values indicate flux from the biofilm to the water column, negative 
 
 





the pH experiment concentration profiles in the temperature experiments were performed 
at the same place on each sample, and only samples from Site 2 were considered. 
Temperatures tested were 4°C, 10°C (ambient) and 17°C. Measured profiles are presented in 
Fig. 3. 
In all treatments pH’s approached the same values in both light and dark incubations, 
although there were some small differences (Table 2). pH’s increased markedly under light 









conditions from 8.4 to approximately 9.5 (maximum 9.7). Under dark conditions, the pH 
decreased slightly from 8.4 to approximately 8.1 at 10°C and 17°C, while no pH decrease 
was observed at 4°C. 
Oxygen fluxes both away from and toward the sediment increased with temperature in 
the light and dark respectively. Calcium flux was always towards the stromatolite biofilm 
surface in light conditions, and increased with increasing temperature. Dark fluxes were 
much lower than those seen in the light conditions, were always away from the stromatolite 
biofilm surface and also increased with increasing temperature. Under dark conditions no 




The investigated biofilm community, rich in filamentous cyanobacteria, flourishes in its 
natural setting (hardwater creeks) under a wide range of pH and temperature conditions:  
Experimental Temp. 4°C 10°C 17°C 
O2 flux light (mol m-2 s-1) 







Ca2+ flux light (mol m-2 s-1) 







∆ pH light 







Fig. 2 Omega values at each experimental pH. 
 
Table 2 Fluxes of oxygen and calcium and pH changes at biofilm surfaces measured in samples from 
Deinschwanger Bach at different temperatures. NA indicates no profile obtained. 
 
 






The pH ranges from 7.6 (a short distance downstream of the spring) to 8.5 (lower creek 
sections and end of the carbonate deposition zone), with maximum values up to 9.3 within 
the biofilm microenvironment (Bissett et al., 2008). The cyanobacterial community 
composition is reasonably constant over this zone, with only the immediate spring 
environment (pH 7.3–7.4) exhibiting distinct communities. In situ temperatures vary 
seasonally between 5°C and 13°C. 
Experimental manipulations of pH and temperature were conducted at conditions of 
constant alkalinity (3.0 mM), but slightly varying DIC (2.8 to 3.1 mM); pH was manipulated 









by the addition of CO2. pH and temperature manipulations will be considered separately. 
 
pH experiments 
Under illumination ∆ pH was always positive, but its magnitude decreased with 
decreasing pCO2 (2200 to 150 ppm V), despite the observation of similar O2 production rates. 
In the dark the opposite was seen.  That is, ∆ pH was always negative and increased with 
decreasing pCO2 (2200 to 150 ppm V), again despite the observation of similar O2 
consumption rates. Under both light and dark conditions the maximum O2 fluxes were 
observed at bulk water pH 8.4. The direction of ∆ pH changes was as expected, i.e, light 
induced photosynthesis increased pH, while in the dark respiration lead to its decrease. The 
different magnitude of ∆ pH, however, has several possible explanations. 
The first is that the observed ∆ pH was related to the physiological optima of the mat 
community. If this were the case it would be expected that the highest ∆ pH should correlate 
with the highest O2 fluxes. This was not the case. O2 fluxes at all pH treatments were 
reasonably similar, with the maximum actually occurring at the in situ pH of 8.4. 
The second explanation for the ∆ pH values observed is the possibility of different pH 
buffering at the various initial pH’s. Under this model the highest ∆ pH’s should correlate 
with the lowest buffering at pHa = 6.34 and pKb = 10.36. This, however is not the case. In 
fact +∆ pH and –∆ pH show opposite trends for increasing pH (Fig. 1) and, further, within 
the experimental pH range (7.8–8.9), which is near the half equivalence point of 8.1, changes 
in pH buffering are very minor. 
The final, and most lilekly, possible explanation for the observed results is the induced 
changes to the pCO2 gradient between the bulk phase and the microorganisms. In the low 
pH (high pCO2) treatment the assimilation of CO2 during photosynthesis is facilitated, thus 
a greater ∆ pH is observed in the light, but the dissipation of CO2 under reparative 
conditions is hampered, thus lowering ∆ pH in the dark. The opposite is observed in the high 
pH (low pCO2) treatment, less CO2 is available for assimilation, reducing ∆ pH in the light, 
but its dissipation is easier, increasing ∆ pH in the dark. Although we did not assess other 
biogeochemical processes in the present study, the non-linearity of the results (e.g., the 
exceptional increase in pH seen at site 2 under the high pH treatment) may be possibly 
explained by their contribution (e.g., nitrate/ammonia assimilation; Soetaert et al., 2007). 
 
Temperature experiments 
Temperature manipulations were all conducted at pH 8.4 and temperature 10°C in situ 
conditions at the time of sampling. Temperature was clearly shown to affect biological 
activity, with O2 fluxes increasing with increasing temperature, both in the light and in the 
 
 





dark. Ca2+ fluxes (indicating calcium carbonate precipitation and dissolution) also increased 
with increasing temperature, indicating the control of photosynthesis and respiration over 
calcification in this system (Table 2; Fig. 3). The pH changes at the experimental 
temperatures are a little more difficult to interpret. In the dark a larger decrease in pH was 
seen at higher temperature: consistent with the idea that increasing temperature leads to 
increases biological activity (within the experimental temperature range). In the light, 
however, the pH at all temperatures increased to approximately the same value in all 
treatments (9.5), despite higher photosynthetic rates at higher temperatures. We have 
observed this upper pH value of approx. 9.5 in stromatolite biofilms from this creek and from 
the Westerhöfer Bach (Bissett et al., 2008) many times before (data not shown), and the 
value seems to be some upper limit for these systems. The explanation for this upper limit 
may be a buffering effect from the calcification process, allowing the pH to reach a steady 
state despite varying photosynthetic rates. Despite this apparent pH “ceiling” it is evident 
that temperature affects biological activity, which in turn controls calcification in the system 
under investigation. 
It is evident, then, that both temperature and pH affect calcification processes. 
Temperature alters biological activity, which in turn affects rates of calcite deposition and 
dissolution in systems where calcification is biologically controlled. The net effect of 
temperature changes, however, may be small. Although temperature increase leads to an 
increase in photosynthesis and an increase in calcification the concomitant increase in dark 
respiration rates also increases dissolution, thereby maintaining similar net diel 
precipitation rates. The abundance of cyanobacterial microfossils and related stromatolites 
in Earth History, therefore, appears not to be significantly affected by temperature 
variations within the investigated range (4°C to 17°C), but may be visible at higher 
temperatures (20–35°C; Riding 1992; Wallmann 2001; Fig. 8). Indeed, a rough correlation 
between cyanobacterial calcification episodes and paleotemperature curves from oxygen 
isotopes has been recognized by Riding (1992).  Although the initially proposed absolute 
temperatures, with values to more than 60°C, for the early Paleozoic (Karhu and Epstein, 
1986) reflect a long-term decrease of seawater δ18O (Veizer et al., 1997), the superimposed 
fluctuations are still considered to reflect seawater temperature changes (Wallmann, 2001). 
pH changes also lead to interesting implications for the paleogeological interpretation of 
calcification. It appears that under high pCO2 conditions cyanobacterial calcification may be 
facilitated by high CO2 availability and pH 7–8. Therefore, as long as calcite saturation 
remains > 1, the presence of calcareous, tubular, microfossils may be related to low pH 
conditions (7.8–8.4). This is contradictory to ideas that increasing pCO2 should reduce the 
potential of photosynthesis-induced calcification in cyanobacterial biofilms by lowering bulk 
 
 





phase pH and hence CaCO3 mineral supersaturation (Kempe and Kazmierczak, 1990; 




Bulk water temperature and pH both affect calcification processes in stromatolite 
formation.  Temperature changes induce changes to metabolic processes which govern 
precipitation, but since temperature changes effect both precipitation and dissolution 
processes, the net effect of temperature changes may not be pronounced. 
pCO2 induced pH changes affect calcification by altering the ease with which CO2 can be 
consumed and dissipated: Within the experimental pH range (7.8–8.9), cyanobacterial 
calcification was facilitated under illumination: at low pH conditions, probably because of a 
higher pCO2 gradient from outside to into the cell, thereby facilitating CO2 assimilation and 
photosynthesis. Thus, calcification occurs at, and may even be facilitated by, low pH, high 
pCO2 conditions. In turn, high pH conditions of 8.9 and, hence, low pCO2 gradients, reduce 
light-driven cyanobacterial CO2 assimilation and calcification, while a 
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Microbial effects on biofilm calcification, ambient water 
chemistry and stable isotope records in a highly 
supersaturated setting (Westerhöfer Bach, Germany) 
 
 






Microbial effects on biofilm calcification, ambient water chemistry 
and stable isotope records in a highly supersaturated setting 
(Westerhöfer Bach, Germany) 
 




Cyanobacteria-dominated biofilms in a CO2-degassing karst-water creek (Westerhöfer Bach, 
Germany) were investigated with regard to the effects of microbial activity on CaCO3 
precipitation, water chemistry of micro- and macroenvironment, stable isotopic records, and 
tufa fabric formation. Ex situ microelectrode measurements of pH, O2, Ca2+ and CO32- 
revealed that annually laminated calcified biofilms composed mainly of filamentous 
cyanobacteria (tufa stromatolites) strongly induced CaCO3 precipitation by photosynthesis 
under illumination, but inhibited precipitation by respiration in the dark. In contrast, 
endolithic cyanobacterial biofilms and mosses did not cause photosynthesis-induced 
precipitation under experimental conditions. No spontaneous precipitation occurred on bare 
limestone substrates, despite high calcite supersaturation of the ambient water. Mass 
balance calculations suggest that biofilm photosynthesis was responsible for 10-20% of Ca2+ 
loss in the creek, while remaining Ca2+ loss derived from physicochemical precipitation on 
branches, leaves and fine-grained calcite particles. Neither analysis of bulk water chemistry 
nor oxygen and carbon stable isotopic records of the tufa stromatolites did confirm 
photosynthetic effects, despite the evident photosynthesis-induced calcite precipitation. 
Oxygen stable isotopic values reflected the seasonal change in water temperature and 
carbon stable isotope values probably recorded carbon isotopic composition of dissolved 
inorganic carbon in the creek water. Annual lamination and fabric formation of the tufa 
stromatolites is suggested to vary with photosynthesis-induced calcite precipitation rates 
that are affected by temperature dependency of diffusion coefficients. 
Photosynthesis-induced precipitation resulted in encrusted cyanobacterial sheaths, 
reflecting syntaxial overgrowth of microcrystalline cyanobacterial tubes by microspar, 
instead of microcrystalline sheath impregnation, that was previously suggested as an 
indicator of photosynthesis-induced precipitation. Therefore, sheath impregnation or 
encrustation by CaCO3 cannot be used to distinguish photosynthesis-induced from 












Freshwater carbonates of karst-water creeks and lakes, commonly called "tufa" (Ford and 
Pedley, 1996), provide an important high-resolution archive of the Quaternary palaeoclimate 
(e.g., Andrews and Brasier, 2005; Andrews, 2006). Particularly, annually laminated porous 
tufa deposits (tufa stromatolites; Riding, 2000) in karst creeks provide accurate information 
on seasonal changes of water temperature, hydrochemistry, and rainfall events (e.g., 
Matsuoka et al., 2001; Ihlenfeld et al., 2003; Kano et al., 2004, 2007). In addition, tufa 
stromatolites are considered potential analogues of ancient marine stromatolites (Shiraishi 
et al., in press; Bissett et al., in press) because they resemble many fossil marine 
stromatolites mainly formed by in situ precipitation, contrary to present-day marine 
stromatolites mainly forming by particle agglutination (e.g., Awramik, 1984). Therefore, tufa 
stromatolites also provide essential information on the mechanisms of microbial 
calcification, which may help to understand the palaeoenvironment and palaeoecology of the 
Phanerozoic and Precambrian earth (e.g., Riding, 1982, 2006; Grotzinger and Knoll, 1999; 
Arp et al., 2001a).  
The depositional process of tufa is still a matter of controversy because physicochemical 
CO2-degassing and photosynthesis, can both shift the carbonate equilibrium to cause calcite 
precipitation, occur simultaneously in tufa-forming creeks. Although it has been assumed 
for decades that both organic and inorganic mechanisms are involved in tufa precipitation 
(e.g., Golubic, 1973; Ford and Pedley, 1996), it has been difficult to evaluate the exact role of 
microorganisms because of technical limitations. Previous studies based on bulk water 
chemistry analysis demonstrated that calcite supersaturation of creek water is primarily 
attained by physiochemical CO2-degassing (e.g., Jacobson and Usdowski, 1975), and 
microbial effect is negligible on tufa formation. In addition, it is thought that a significant 
effect of photosynthesis should result in diurnal cycles of pCO2, pH, δ13C and calcite 
saturation state, but such diurnal cycles were rarely detected (e.g., Usdowski et al., 1979; 
Dandurand et al., 1982; Merz-Preiß and Riding, 1999). Moreover, there has been no clear 
signal of photosynthesis detected in carbon stable isotopic records of tufa stromatolites (e.g., 
Matsuoka et al., 2001). Therefore, many researchers are nowadays convinced that inorganic 
precipitation is the major process in fluvial tufa deposition, whereas microbial effects are 
thought to be restricted to low pCO2 and/or slow flowing settings such as stagnant pools and 
lakes (e.g., Andrews et al., 1997; Merz-Preiß and Riding, 1999; Pedley, 2000; Arp et al., 
2001b; Chen et al., 2004).  
However, studies based on microelectrode measurements recently revealed that 
 
 





photosynthesis induces CaCO3 precipitation on the surface of tufa stromatolites under 
illumination, whereas respiration inhibits precipitation in the dark, even in a highly 
supersaturated fast-flowing environment (Shiraishi et al., in press; Bissett et al., in press).  
The aim of this work was to resolve these discrepancies and elucidate the process of tufa 
deposition by quantifying the effects of photosynthesis. Firstly, we evaluated the metabolic 
effects of several types of tufa biofilms by geomicrobiological methods including pH, O2, Ca2+ 
and CO32- microelectrodes and the detection of heterotrophic bacteria and EPS (extracellular 
polymeric substances) that potentially affect biofilm calcification. Secondly, analysis of bulk 
water chemistry including 21 h monitoring and stable isotope analysis of water and tufa 
deposits was conducted to evaluate the microbial metabolic effects on the bulk water 
chemistry and deposits. 
 
2. Study area and environmental settings 
 
The investigated tufa-forming karst-water creek, the Westerhöfer Bach, is located west of 
the Harz Mountains, Central Germany (51˚45’N, 10˚5’E; Fig. 1A). The creek water recharges 
from the limestone-dominated upper Muschelkalk Group (Anisian-Ladinian), which is 
Fig. 1 (A) Location of the Westerhöfer Bach. (B) Map of the Westerhöfer Bach. (C) Detail of (B) showing the
distribution of active tufa stromatolites, inactive tufa, calcified deposits, and areas without conspicuous amounts









underlain by the middle Muschelkalk Group (Anisian) that is composed of dolomite with 
gypsum lenses (Jacobson and Usdowski, 1975). The initial 330 m section of the creek, where 
active tufa formation occurs, was selected for this study. Here, the width of the creek is 1-2 
m and water flows ESE (Fig. 1B). There is one main spring, and lateral seepage influx is 
negligible except for one recognizable subspring that enters the creek 288 m downstream 
from the main spring. At the spring site, water flows gently over limestone gravels colonized 
by non-calcifying biofilms (Fig. 2A), mainly composed of endolithic cyanobacteria. 
Continuous tufa deposition starts approximately 150 m downstream from the spring where 
water flow becomes turbulent (Figs. 1B, C, 2B). Tufa stromatolites usually develop in the 
center of the flow path. Their biofilm communities are mainly composed of filamentous 
cyanobacteria accompanied by diatoms, green algae and a number of heterotrophic bacteria 
(Shiraishi et al., in press). At both sides of the main flow path and in stagnant pools of the 
middle and lower creek section, conspicuous amounts of calcified particles and fragments, 
such as branches, leaves, and fine-grained calcite sands accumulate, and sometimes oncoids 
are recognized (Figs. 2C, D). Mosses mostly colonize the low flowing middle to lower creek 
and inactive tufa deposits, although some occur in the fast flowing reaches. In the lower 
section, the creek branches off and rejoins at several places. A tufa cascade about 2 m in 
height develope at 250 m downstream (Fig. 2E). After this cascade, water flows through a 
narrow channel (Fig. 2F) and then over widely developing tufa stromatolites in the 
lowermost part of the creek (Figs. 2G, H). Typically, tufa stromatolites exhibit green colour 
during summer (Fig. 2G), while brownish biofilms develop in the marginal part of the flow 
path during autumn (Fig. 2H). 
Five sampling sites (WB1.0-WB5.0; Fig. 1B) were chosen for main investigations, and 
some complementary sites along the creek were also included for hydrochemical analysis. 
The difference in altitude from the spring site (WB1.0) to the site 300 m downstream 
(WB5.0) is approximately 40 m. Previous investigations of the creek have been performed by 
Jacobson and Usdowski (1975), Usdowski et al. (1979), and Dreybrodt et al. (1992) with 
regard to hydrochemistry, oxygen and carbon stable isotopes, and by Shiraishi et al. (in 





3.1. Microelectrode measurements, biofilm sectioning and staining 
Microelectrode measurements of pH, O2, Ca2+ and CO32- were conducted in the laboratory 
to evaluate the microbiological effects at the tufa surface, the site of calcite precipitation. In  
 
 






Fig. 2 Field views of the Westerhöfer Bach. (A) Spring site (WB1.0) with water seeping over the limestone
pebbles covered by endolithic biofilms. (B) Sampling site WB2.2, the starting point of active tufa deposition. (C)
Sampling site WB2.8 of the middle creek section with tufa stromatolites restricted to the central flow path. Note
that oncoids and calcified plant remains accumulate at both sides of fast-flowing path. (D) Close-up view of
calcified deposits consisting of leaves, branches and fine-grained calcite sands. (E) Tufa cascade at sampling site
WB3.0. Note that most parts of the cascade are inactive and covered by mosses. (F) Sampling site WB4.0 with
creek water flowing through a stromatolite-covered narrow channel. (G) Lowermost creek section with broad
development of tufa stromatolites at sampling site WB 5.0 (May 2006). (H) Almost same view of (G) in October











this study, the following five substrates were used: tufa stromatolite from the center of the 
flow path colonized by a green-coloured biofilm (WB5.0; Fig. 2H), tufa stromatolite from the 
margin of the flow path colonized by a brown-coloured biofilm (WB5.0; Fig. 2H), moss from 
the center of the flow path (WB5.0; Fig. 2G), a limestone pebble with an endolithic biofilm 
from a pool at the spring site (WB1.0; Fig. 2A) and a biofilm free limestone pebble from the 
spring site (WB1.0; Fig. 2A). The substrates were collected three days before measurements 
(October 2006), and statically incubated in creek water at 10˚C under a light:dark cycle of 
12:12 h. With respect to moss, non-calcified leaf surfaces were measured. 
O2 microelectrodes (tip diameter of 10 µm) were prepared according to Revsbech (1989). 
pH, Ca2+ and CO32- were measured with ion-specific liquid ion-exchange (LIX) membrane 
glass microelectrodes with tip diameter of 10 µm (de Beer et al., 2000; Gieseke and de Beer, 
2004). Microelectrode positions were controlled by a motorized micromanupulater (VT-150, 
Micos, Eschbach). Microelectrodes were connected to a picoamperemeter (for O2) or 
milivoltmeter (for LIX microelectrodes), and output was collected by a data acquisition box 
(NI DAQPad-6015, National Instruments, Austin). Micromanipulator control and data 
acquisition were performed with a computer and custom written software (µ-Profiler, Dr. L. 
Polerecky). The measurements were conducted at room temperature, which was stable at 
~25˚C throughout the measurements, in recirculating aquariums filled with spring water 
(WB1.0). Water was retained throughout whole measurements. As a nature of 
microelectrode measurement, it takes quite long time to obtain good quality of profiles, and 
the whole measurements of five substrates in this study took four days. Therefore, water 
chemistry of experimental water (pH, Ca2+ and alkalinity) was monitored throughout the 
measurements, as described below. All measurements were conducted under both light and 
dark conditions. Light was supplied by a fiber-optic lamp (KL 1500, Schott) at 500 µE m-2 s-1. 
Microelectrodes tips were set to the biofilm surface using a dissection microscope (SV6, 
Zeiss).  
In this study, representative microprofiles were obtained for each microelectrode and 
biofilm. Therefore, measured points were not always exactly the same between different 
microelectrodes, while measured points for light and dark profiles of same microelectrodes 
were the same. 
Fluxes of dissolved components were calculated from measured microprofiles applying 
Fick’s first law, 
 
J = - D × dC / dz    (5.1) 
 
where D denotes the diffusion coefficient (m2 s-1), dC is the concentration difference of the 
 
 





given component (mol m-3), and dz is the diffusion distance (m). The diffusion coefficients at 
25˚C are delivered from literatures: Ca2+ is 7.93 × 10-10 m2 s-1 (Li and Gregory, 1974), O2 is 
2.35 × 10-9 m2 s-1 (Broecker and Peng, 1974). 
Following microelectrode measurements, biofilms were immediately fixed with PBS 
(phosphate buffered saline) buffered 3.7% formaldehyde, and kept cool and dark for two 
days. Samples were then transferred to 50% ethanol in PBS, and stored at 10˚C in the dark 
until further processing. Samples were divided into several pieces and embedded in either 
resin or paraffin. Resin embedded samples were used for hard-part sections, while paraffin 
embedded samples were decalcified and used for FISH (fluorescence in situ hybridization) 
and EPS staining with Alcian Blue, as described by Shiraishi et al. (in press). For FISH, the 
16S rRNA targeted oligonucleotide probe EUB338 (Amman et al., 1990) labeled with Cy3 
was applied. These sections were also used for analyzing the populations of major 
phototrophs (filamentous cyanobacteria and diatom) in green- and brown-coloured biofilms. 
Resin-embedded sections were used for analyzing the population of filamentous 
cyanobacteria, and their surface areas in the microscopic view field (200 × 200 µm) was 
measured by Scion Image (Scion Corporation). Alcian Blue-stained paraffin sections were 
used for diatoms, and their cell number was counted in the microscopic view field (214 × 172 
µm). For both analyses, four sections were prepared, and three points of biofilm surface were 
chosen from each section. In addition to the samples used for microelectrode measurements, 
hard-part sections of calcified leaves, branches and oncoids collected from the creek were 
also prepared, in order to check the involvement of microbial communities in the 
calcification of these substrates. EPS stained sections were observed by epifluorescence 
microscopy (Zeiss Axioplan). Other sections were observed under a Zeiss 510 Meta confocal 
laser scanning microscope (CLSM). 
 
3.2. Water chemistry analysis 
Three sampling campaigns for water chemistry analysis were conducted in May and 
October 2006, and January 2007. The pH of creek water was measured in the field using a 
portable pH meter (WTW GmbH) equipped with a Schott pH-electrode calibrated against 
standard buffers (pH 7.010 and 10.010; HANNA instruments). Water samples for titration of 
total alkalinity were collected in glass bottles, and for determination of main anion (Cl-, 
SO42- and NO3-) and cation concentrations (Ca2+, Mg2+, Na+ and K+) in plastic bottles. 
Samples for cation analysis were filtered in the field through 0.8 µm φ membrane filters 
(Millipore) and fixed by adding 50 µl concentrated methane sulfonic acid to 50 ml sample 
water. Samples were stored cool and dark until laboratory measurements. Within 48 h after 
sampling, alkalinity was determined by acid-base titration using a hand-held titrator and 
 
 





1.6 N H2SO4 cartridges (Hach Corporation). Cation and anion concentrations were measured 
by ion chromatography with suppressed conductivity detection (Dionex). Additionally, 
dissolved silica concentration was measured by photometric methods according to Grasshoff 
et al. (1983). 
Ion activities and partial pressure of CO2 (pCO2) were calculated with the computer 
program PHREEQC (Parkhurst and Appelo, 1999). The saturation of calcite is given as 
follows, 
 
Ω(calcite) = {Ca2+} × {CO32-} / Ksp(calcite)  (5.2) 
 
where brackets denote the activities of ions and Ksp(calcite) is given by Plummer and 
Busenberg (1982). For the calculation of Ω(calcite) from microelectrode profiles of Ca2+ and 
CO32- concentrations, {Ca2+} and {CO32-} were estimated by applying the activity coefficients 
of experimental water delivered from PHREEQC (0.62 for Ca2+ and 0.66 for CO32-). 
Inorganic precipitation rate for calcite was calculated using the equation of Plummer et al. 
(1978), 
 
R = - k1 {H+} - k2 {H2CO3*} - k3 + k4 {Ca2+}{HCO3-} 
 
H2CO3* = H2CO3 + CO2(aq)   (5.3) 
 
Although this empirical equation was originally provided for calcite dissolution, it is also 
applicable to precipitation (Plummer et al., 1979; Reddy et al., 1981). It provides the 
maximum rate of inorganic precipitation in turbulent water (Dreybrodt and Buhmann, 
1991). The revised rate constants delivered by Buhmann and Dreybrodt (1985) were applied.  
In addition to sampling along the creek profile, a continuous sampling for 21 h was 
conducted in October 2006 to evaluate the effect of microbial metabolism on bulk water 
chemistry. During this sampling, light intensity, air and water temperatures and water 
chemistry were monitored every hour at the spring site (WB1.0) and the lower creek site 
(WB5.0).  
Flow rate measurements and detailed sediment mappings were conducted to calculate the 
creek mass balance. The flow rates at the lower creek site (WB5.0) was measured by 
collecting water in plastic bags for given times (5-10 sec.), which is an accurate method to 
measure the flow rate in this narrow and shallow creek (the deviation from the average 
values of three times measurements was less than 0.1 L s-1). A detailed sediment map was 
constructed, and the image processing software Scion Image (Scion Corporation) was used to 
 
 





measure the surface area of tufa stromatolites and calcified particles between WB1.0 and 
WB5.0. 
 
3.3. Carbon and oxygen stable isotope measurements 
To investigate the effect of microbial metabolism on carbon and oxygen stable isotopes, 
water and sediment samples were collected in October 2006. Water samples were collected 
in 250 ml glass bottles at the five main sampling sites. The bottles were first thoroughly 
rinsed with creek water, filled without air bubbles, sterilized by adding 2-3 drops of a HgCl2 
solution, and kept cool and dark. Isotope measurements were conducted at the Centrum 
voor Isotopen Onderzoek, University of Groningen, the Netherlands. Here, the water was 
treated under vacuum with 85% H3PO4, and carbon isotope ratios were measured after 
drying of the released CO2. For oxygen, water samples were degassed under vacuum. After 
equilibrium exchange (24 h) at 25˚C, a fraction of the CO2 was sampled for oxygen isotope 
ratio measurements. Both carbon and oxygen isotopes were determined with a VG 
Micromass SIRA II mass spectrometer, and reported against V-PDB. Analytical precision 
was about ± 0.1‰ for both isotopes.  
Sediment samples for stable isotope analysis were collected by scraping the tufa 
stromatolite surface (about 0.5 mm) with a knife at four of the major sampling sites (WB2.0 
to 5.0). These samples were dehydrated in ethanol, and dried (~50˚C) for 24 h. Additionally, 
one resin embedded sample was prepared for analysing isotopic depth profiles. The sample 
taken from the lower creek section (WB4.0) was embedded in resin as described above, and 
vertically sectioned. Sample powders for isotope analysis were obtained with a 
microsampling device (MicroMill, Merchantek) with vertical intervals of approximately 0.5 
mm. Stable isotope analyses of tufa samples were conducted at the Institute of Geology, 
University of Erlangen, Germany. Here, samples were dissolved in purified H3PO4 at 75˚C, 
and released CO2 measured by a mass spectrometer ThermoFinnigan 252. Both carbon and 




4.1. General fabric of calcified crusts and related microorganisms. 
Fig. 3 shows the general view of calcite crusts in the Westerhöfer Bach. The biofilms 
comprised mainly filamentous cyanobacteria (morphotype of “Phormidium incrustatum”, 
see e.g. Freytet and Placiat 1996), which covered the tufa stromatolite surface and also 
locally colonized calcified branches and mosses. The cyanobacterial filaments were 
surrounded by calcite microspar crystals and exhibited “encrusted sheaths” (Pentecost and  
 
 






Riding, 1986; Merz-Preiß and Riding, 1999), thereby forming calcite tubes (Figs. 3A, B). 
Mosses were locally calcified especially in the older parts, whereas the younger leaves were 
usually free from calcification. The heavily calcified old parts of mosses were commonly 
colonized by other phototrophic microorganisms such as filamentous cyanobacteria and 
diatoms (Figs. 3C, D). In contrast to these biofilms, the relatively young calcite crusts of 
leaves, branches and oncoids were almost free of phototrophic biofilms (Figs. 3E, F). 
 
4.2. Biofilm compositions and microprofiles 
An overview of the biofilm substrates used for microelectrode measurements is given in 
Fig. 4A. The green-coloured tufa stromatolite was densely colonized by filamentous  
Fig. 3 Microfabrics of tufa deposits of the Westerhöfer Bach. (A, B) Vertical section of tufa stromatolite top
showing filamentous cyanobacteria enclosed in microspar tubes. (C, D) Section of calcite veneered moss stem.
Some filamentous cyanobacteria are present (e.g., arrows). (E, F) Vertical section of calcite-veneered tree leaf.
There is almost no phototrophic microorganism in the crust. A, C and E are overlay images of cross polar and










Fig. 4 Biofilm compositions of the substrates used for the microelectrode measurements. (A) The overview of
biofilm substrates in the aquariums used for ex situ measurements. (B) Endolithic biofilm. (C)-(E)
Green-coloured tufa stromatolite biofilm. (F)-(H) Brown-coloured tufa stromatolite biofilm. (I)-(K) Moss leaves
and stems. The images B, C, F and I were taken by CLSM, with reflected light (carbonate crystals) shown in red
and autofluorescence shown in green. Exited by 488, 543, 633 nm lasers, and processed by emission
fingerprinting. CLSM images D, G and J show the results of FISH using oligonucleotide probe EUB338 (green),
with autofluorescence (red) from autotrophs and reflected light (white) from debris such as clay minerals. Exited
by 543 and 633 nm lasers, and processed by emission fingerprinting. E, H and K show overlays of transmitted
light and epifluorescence (ex. 485, em. 535) views of paraffin sections stained by Alcian Blue. Blue stained areas
are EPS rich in acidic groups, and bright orange represents Nuclear Fast Red-stained cells. Diatoms are













cyanobacteria (morphotype “Phormidium incrustatum”; Fig. 4C), accompanied by a number 
of diatoms and heterotrophic bacteria, as demonstrated by FISH (Figs. 4D, E). All were 
surrounded by an acidic EPS matrix (Fig. 4E). On the other hand, the brown-coloured tufa 
stromatolite exhibited a sparse distribution of filamentous cyanobacteria (Fig. 4F) and 
acidic EPS matrix (Fig. 4H). There were a number of diatoms and heterotrophic bacteria, 
like in green-coloured tufa stromatolite (Figs. 4E, G). There was no significant difference in 
the diatom populations between the green-coloured and brown-coloured tufa stromatolites, 
while former contained higher number of filamentous cyanobacteria (Fig. 5). The older moss 
stems and leaves were fringed by calcite (Fig. 4I), while the surfaces of moss leaves and 
stems exhibited only minor amounts of acidic EPS (Fig. 4K). Cyanobacteria, diatoms and 
heterotrophic bacteria were locally present at the bottom part of the stems (Figs. 4J, K). 
Endolithic biofilms colonized the surface of limestone pebbles (about 50-100 µm; Fig. 4B). 
Microprofiles of pH, O2, Ca2+ and CO32- under light and dark conditions were measured at 
the surface of the five substrates investigated (Fig. 6). Ca2+ fluxes calculated from these 
microprofiles are shown in Table 1. Microprofiles showed a distinct light-dark cycle in the 
diffusive boundary layer for the green-coloured tufa stromatolite (for the concept of diffusive 
boundary layer, see e.g., Jørgensen and Revsbech, 1985). Under illumination, pH, O2 and 
CO32- increased from the water column to the biofilm surface, and Ca2+ decreased. 
Consequently, the saturation state of calcite calculated from Ca2+ and CO32- microprofiles 
showed a strong increase from 8.8-fold in the water column (~500 µm above from the 
substrate) to 27.7-fold at the biofilm surface. The opposite occurred in the dark; pH, O2 and 
Fig. 5 Population of filamentous cyanobacteria and diatom in green- and brown-coloured biofilms. Population of
cyanobacteria was indicated by the surface area in the microscopic view field (200 × 200 µm). Autofluorescence of
cyanobacteria was extracted by emission finger printing with CLSM. Population of diatom was indicated by cell
number counted in the microscopic view field (214 × 172 µm). Three points from four sections each were









CO32- decreased to the surface, and Ca2+ slightly increased. Accordingly, calcite 
supersaturation decreased from 8.2-fold to 6.0-fold. This light-dark cycle resulted in the net 
precipitation of calcite (Table 1; Shiraishi et al., in press). The brown-coloured tufa 
stromatolite showed similar cycles although the absolute fluctuations were smaller than 
that detected at the green-coloured tufa stromatolite. Calcite saturation at the biofilm 
surface increased from 5.4-fold to 11.0-fold under light conditions, and decreased to 3.0-fold 
in the dark. Again, a net precipitation was observed, although the amount of calcite 
precipitated was considerably smaller than in the green-coloured tufa stromatolite (Table 1). 
pH, O2 and CO32- microprofiles above endolithic biofilm and moss leaf showed a cycle similar 
to tufa stromatolites accounting for a change of saturation states (increase from 4.6-fold to  
Fig. 6 Microelectrode profiles of pH, O2, Ca2+, CO32- and calculated calcite saturation for measurements at five
substrates. Open circles indicate profiles obtained under light conditions, and filled circles indicate profiles










6.1-fold in the light, and decrease to 4.4-fold in the dark for endolithic biofilm surface; 
increase from 4.5-fold to 7.6-fold in the light, and decrease to 4.1-fold in the dark for moss 
leaf surface). However, these two biofilm types did not cause a detectable Ca2+ flux toward 
the biofilm surface (Fig. 6; Table 1). Compared to the biofilm substrates, the bare limestone 
substrate showed almost no changes in all microprofiles except for a slight change in O2, 
which was possibly caused by minor colonies of phototrophs present.  
Although chemistry of experimental water changed through the measurements because of 
CO2 degassing and CaCO3 precipitating, it was relatively stable after the second day (Table 
2).  
 
4.3. The change of water chemistry through the creek and day 
Water chemistry along the course of the creek is shown in Table 3, and the profiles of 
major parameters are summarized in Fig. 7.  
In general, the initially high pCO2 (~10 matm) of the spring water decreased rapidly 
downstream (~1 matm) because of CO2-degassing, but did not attain equilibrium with the 
atmosphere. This pCO2 decrease was coupled with a pH increase from 7.4 to 8.3. While the 
concentrations of ions such as Na+, K+, Mg2+ and Cl- kept very constant throughout the creek, 
Ca2+ concentrations and alkalinity began noticeably to decrease at a distance of about 150 m 
from the spring. Both Ca2+ and alkalinity further declined in the turbulent flowing creek 
section upstream of the tufa cascade at 250 m, followed by a sudden enhanced decrease 
below the cascade. The profiles of calculated calcite saturation state (Ω) and maximum  
 
Table 1 Ca2+ fluxes of five substrates during the light and dark incubations. 
 
Negative values indicate fluxes toward the substrates, and positive values the opposite. Note that, calculation
for irregular Ca2+ microprofiles of endolith, moss and limestone substrates is not significant. 
 
Table 2 Hydrochemistry of experimental water through the microelectrode measurements. 
 
 







inorganic precipitation rate (R) were concordant to that of pH. Both parameters increased 
downstream, and attained a maximum about 20-30 m before the tufa cascade, followed by a 
decrease. Seasonal hydrochemical fluctuations were recorded in May 2006 and January 
2007 (Fig. 7; Table 3). Water temperature increased downstream in springtime, and 
decreased in wintertime, reflecting seasonal changes of air temperature. During springtime 
Fig. 7 Water chemistry along the course of the creek. Open circles indicate the data of May 2006, filled circles









the chemistry of the minor subspring between WB4.0 and WB5.0 was similar to that of the 
lower creek section waters, but during wintertime it resembled that of the main spring. In 
any case, this minor inflow had only little influence on the chemistry of the main creek 
water because the recharging amount was relatively small.  
The results of the 21 h monitoring at the spring site (WB1.0) and the lower creek site 
(WB5.0) are shown in Table 4, and summarized in Fig. 8. At the spring site, all parameters, 
except for light intensity and air temperature, were almost constant through time. Minor 
fluctuations in pH and water temperature at the beginning of monitoring reflected a 
technical trouble on pH meter. At the lower creek site (WB5.0), light intensity tended to be 
higher than at the spring site due to less shading from trees. Water temperature increased 
during the day with air temperature, and Ca2+ and alkalinity were always lower than at the 
spring site. There was no clear diurnal change on pH, alkalinity and Ca2+, although both 
Ca2+ and alkalinity slightly decreased during the course of the monitoring (Table 4). Flow 
rates remained almost constant through time (Table 5), although slight fluctuations were 
observed during 21 h monitoring. 
The coverage areas of active tufa stromatolites and calcified particles and fragments 
measured from the detail map (Fig. 1) are shown in Table 6. Active tufa stromatolites 
covered about 25% of the creek floor. 
Table 3 Hydrochemistry data of the Westerhöfer Bach for three sampling campaigns. 
 
 































Fig. 8 21 h-monitoring of light intensity, air and water temperatures, pH, Ca2+ and alkalinity at sampling site WB1.0
(spring site) and WB5.0 (lower creek site). 
 
Table 5 Water flow rates at sampling site WB5.0 (lower creek site) for three sampling campaigns. 
Table 6 Coverage area of creek floor, active tufa stromatolites and calcified particles between sampling sites WB1.0
and WB5.0 measured from the detail creek map in Fig. 1. 
Note that flow rates were almost comparable for all sampling campaigns. 
 
 






4.4. Carbon and oxygen stable isotopes of water and tufa deposits 
Carbon and oxygen stable isotopes of water and tufa stromatolite surfaces are shown in 
Table 7 and Fig. 9. δ18O of water was constant along the creek at ~ -8.7‰, while δ13C 
increased from -10.25‰ to -7.3‰ downstream. 
δ13C of calcite of the tufa stromatolite surfaces increased from -7.77‰ to -7.44‰ 
downstream, similar to that of water. δ18O of tufa stromatolite surfaces decreased from 
-6.74‰ to -7.08‰ downstream.  
δ13C and δ18O depth profiles of tufa stromatolite from the lower creek section (WB4.0) are 
shown in Table 8 and Fig. 10. Both showed similar, sine curved cycles although there was a 
small phase difference. δ13C displayed an amplitude of approximately 1.0 to 1.8‰, while  
 
Fig. 9 Oxygen and carbon stable isotope profiles of bulk water and calcite from tufa stromatolite surfaces along the
course of the creek. Palaeo water temperature calculated from δ18O of calcite, and measured water temperatures are
also shown. 
 










δ18O amplitude was approximately 0.6 to 0.7‰. Both δ13C and δ18O values tended to be lower 




5.1. Biofilm composition and influence of microbial activities on CaCO3 precipitation 
Microbial biofilms of all substrates investigated by microelectrodes were capable of 
photosynthesis, but they differed in their impact on CaCO3 precipitation (Fig. 6). Only the 
green and brown-coloured tufa stromatolite biofilms could induce CaCO3 precipitation by  
 
Fig. 10 δ13C and δ18O depth profiles of the top 7 mm of a tufa stromatolite from sampling site WB4.0 (lower creek
section), and calculated palaeo water temperatures. Left hand side shows a cross polar view of the thin section
analysed, with dense layers appearing darker (D) and porous layer appearing lighter (P). 
 
Table 8 δ13C and δ18O depth profiles of the top 7 mm of a tufa stromatolite from sampling site WB4.0 (lower creek










photosynthesis. Although differences in bulk water Ca2+ concentrations at the time of 
measurements necessitate a degree of caution in interpreting the profiles, the pH, O2 and 
CO32- microprofiles all indicated that green-coloured tufa stromatolite had a stronger 
photosynthetic effect on the carbonate system at the tufa surface. The major difference of 
phototroph composition between these two biofilms was the higher abundance of 
filamentous cyanobacteria in green-coloured tufa stromatolite, while there were 
qualitatively no significant differences on the diatom populations (Fig. 5). Although acidic 
EPS and numbers of heterotrophs present (Fig. 4), pH-dependent binding and release of 
Ca2+ by acidic groups of EPS, as well as the activity of heterotrophic bacteria, are 
quantitatively not important for maintaining precipitation in the tufa biofilms (Shiraishi et 
al., in press). Therefore, photosynthetic CO2 assimilation by filamentous cyanobacteria is 
thought to be directly responsible for CaCO3 precipitation. 
In contrast to tufa stromatolite biofilms, the endolithic biofilms and moss leaves did not 
cause Ca2+ flux towards the substrate, and therefore apparent CaCO3 precipitation, under 
experimental conditions (Fig. 6). pH, O2 and CO32- microprofiles of the endolithic biofilm and 
moss leaf clearly showed lower photosynthetic rates, thereby lower the effect on 
supersaturation, than the tufa stromatolite (Fig. 6). Consequently, it is assumed that the 
photosynthesis by endolithic biofilms and moss has a lower impact on the carbonate 
equilibrium and that this impact is too low to overcome the kinetic barrier for CaCO3 
precipitation. 
Endolithic biofilms are usually found in the upper stream where saturation state is much 
lower than that of the experimental conditions, and their photosynthetic effects in the creek 
must even be smaller than in the measurements of this study. Moss leaves in the creek, 
however, become calcite-veneered with time, especially in the middle to lower creek section 
where calcite supersaturation is high. Their calcification may start with a trapping of 
cyanobacteria, diatoms and/or EPS from the water column. Then, EPS itself or small calcite 
particles trapped by EPS provide the nucleation sites, as suggested by Emeis et al. (1987) 
and Turner and Jones (2005). Furthermore, protrusions such as the tips of moss leaves 
attain lesser diffusive boundary layers (Skelland, 1974), and this may also increase the 
likelihood of precipitation. Subsequently, mosses become more and more colonized by 
cyanobacteria (Figs. 3C, D), which then cause further calcification by enhanced 
photosynthetic CO2 assimilation. In contrast to the four biofilm substrates, the uncolonized 
limestone substrate did not show any spontaneous precipitation (Fig. 6) despite an ambient 
4-fold calcite supersaturation.  
The observations substantiate the view that photosynthesis is an effective mechanism to 
overcome the kinetic barrier of calcite precipitation without high water turbulence 
 
 





(Shiraishi et al., in press). Although the results discussed above were obtained under slow 
flow conditions in the laboratory, and there were three days interval between the sampling 
and measurements which might caused alteration of biofilm composition, comparable 
results of photosynthesis-induced CaCO3 precipitation, obtained in situ, have been reported 
previously (Shiraishi et al., in press; Bissett et al., in press). 
 
5.2. Influence of photosynthesis on creek water chemistry 
As demonstrated previously (Fig. 6; Shiraishi et al., in press; Bissett et al., in press), 
microbial metabolism controls CaCO3 precipitation in tufa stromatolites, even in 
CO2-degassing, highly supersaturated conditions that preferentially cause physicochemical 
precipitation. However, the bulk water chemistry along the course of the investigated creek 
all displayed characteristics of physicochemical precipitation: a strong pCO2 decrease 
concurrent with an increase in calcite supersaturation, followed by a decrease in Ca2+ and 
alkalinity (Fig. 7) due to calcite precipitation, and no diurnal pattern (Fig 8). This has also 
been observed in previous studies (e.g., Usdowski et al., 1979; Dandurand et al., 1982; 
Dreybrodt et al., 1992; Merz-Preiß and Riding, 1999).  
Although initially it appears that the bulk water chemistry and microelectrode data are 
incompatible, discrepancies are explained by mass balance estimations. Assuming that 
CaCO3 precipitation on the tufa stromatolites is exclusively governed by microbial 
photosynthesis, the amount of Ca2+ decreasing throughout the creek by 
photosynthesis-induced CaCO3 precipitation, ∆Ca2+PS (mol L-1), is calculated as following: 
 
∆Ca2+PS = JCa × S / F   (5.4) 
 
where JCa is the photosynthesis-induced Ca2+ flux in unit area and time (mol m-2 s-1), S is the 
total surface area of tufa stromatolites over which this occurs (m2) and F is water flow (L s-1). 
For JCa, the annual average of Ca2+ flux determined by actual tufa stromatolites at site 
WB5.0 was used (1.85-2.86 × 10-6 mol m-2 s-1; Shiraishi et al., in press). The surface area of 
tufa stromatolites (S) amounted to 94 m2 (Table 6), and water flow F at site WB5.0 was ~2.0 
L s-1 (Table 5). Based on these values, a ∆Ca2+PS of 0.086 to 0.134 mmol L-1 is calculated, i.e., 
a value that is almost within the analytical error of the bulk water chemistry analyses 
conducted. This indicates that the effect of photosynthesis-induced CaCO3 precipitation is 
diluted, and not detectable by conventional bulk water chemistry analysis. The situation 
would be different when water flow rates in the creek are lower. Then, ∆Ca2+PS will be larger 
as indicated by Eq. (5.4), and the effects of photosynthesis-induced CaCO3 precipitation 
would be traceable by bulk water chemistry analysis. 
 
 





In turn, if total Ca2+ loss throughout the creek is assumed to precipitate only at tufa 
stromatolites, the Ca2+ flux at the tufa surface would be 7.45 × 10-6 mol m-2 s-1 (used Ca2+ loss 
of 0.35 mmol L-1, and calculated by Eq. 5.4) and, hence, the annual deposition would be 
23684 g m-2 y-1. These values highly exceed both the measured annual calcite deposition of 
2934-4514 g m-2 y-1 at tufa stromatolites (Shiraishi et al., in press) and the maximum 
inorganic precipitation rate of the creek water of 4.53 × 10-6 mol m-2 s-1 (estimated by Eq. 5.3; 
Table 3), further supporting the view that only a minor percentage of Ca2+ loss in the creek 
can be explained by tufa stromatolite biofilm calcification.  
In any case, the major Ca2+ loss, which is removed from the creek water independent of 
photosynthesis, remains to be explained. The possibility of progressive dilution of the creek 
water appears unlikely since conservative ion (Na+, K+ and Cl-) concentrations remained 
constant along the course of the creek. Although acidic EPS can bind Ca2+ (Kawaguchi and 
Decho, 2002), the possibility of such mechanisms for explaining the Ca2+ decrease through 
the creek is refuted by following mass balance calculations. As an approximation, the 
amount of CO2 assimilated can be derived from the O2 production, as demonstrated by the 
sum reaction of photosynthesis: 
 
CO2 + H2O → CH2O + O2    (5.5) 
 
Although cyanobacteria also use HCO3- as a carbon source under low CO2 conditions (e.g., 
Badger and Price, 1994), and consequently in high pH environments like tufa creeks, the 
ratio between CH2O and O2 does not change. Assuming e.g. the production of glucuronic acid 
as an example, the production rate of this EPS monomer should be two times higher than 
divalent Ca2+ flux in order to bind it. If the entire assimilated carbon is used for producing 
glucuronic acid, production of glucronic acid through the creek per day (mol day-1) is 
calculated as followings, 
 
Glucronic acid (production) = JO2 × S × T / Cgluc (5.6) 
 
where JO2 is oxygen flux delivered from O2 microprofile of green biofilm (2.66 × 10-6 mol m-2 
s-1; Fig. 6), S is the total surface area of tufa stromatolites (94 m2; Table 6), T is duration of 
photosynthesis per day (4.32 × 104 s), Cgluc is the number of carbon atom in glucronic acid 
molecule. With values above, production of glucronic acid through the creek is estimated as 
1.80 mol day-1. On the other hand, required amount of glucronic acid to bind observed Ca2+ 









Glucronic acid (required) = ∆Ca2+total × ECCa × F × T (5.7) 
 
where ∆Ca2+total is total Ca2+ loss through the creek (~0.35 × 10-3 mol L-1; Table 1), ECCa is 
electric charge of Ca2+, F is flow rate (~2.0 L s-1; Table 5), T is one day (8.64 × 104 s). With 
these values, the required amount of glucronic acid is estimated as 120.96 mol day-1 that is 
significantly larger than the estimated production. Of course, actual production of acidic 
EPS must be much lower than the calculated value because such organic molecules comprise 
only part of the EPS, and organisms must produce other carbohydrate compounds to survive. 
Therefore, the role of Ca2+ binding by acidic EPS has negligible role on the Ca2+ decrease 
through the creek water. The major Ca2+ loss in the investigated creek section is thought to 
be removed physicochemically e.g., at tree branches, leaves and fine-grained calcite sands, 
which are almost free of phototrophic biofilm colonization (Figs. 3E, F). This is supported by 
high inorganic precipitation rate in the middle and lower creek where Ca2+ decrease is 
evident (Fig. 7). From the discussions above, it can be concluded that the photosynthetic 
effect is diluted by high water supply, and has a relatively small impact on bulk water 
chemistry. The different interpretations emphasizing either "inorganic", physicochemical 
precipitation or "biological", microbially-controlled precipitation, in tufa systems is only a 
discrepancy at first glance. The present study revealed that physicochemically-forced 
precipitation is responsible for the major Ca2+ loss in the tufa creek system, while the 
concurrent biofilm photosynthesis drives tufa stromatolite formation. As derived from the 
mass balance estimation above, metabolic processes are thought to be responsible for 
approximately 10-20% of Ca2+ loss in the Westerhöfer Bach. 
 
5.3. Influence of photosynthesis on carbon and oxygen stable isotopes 
The δ18O of the creek water was almost stable along the course of the creek (Fig. 9), an 
observation that coincides with previous studies on temperate tufa creeks with limited 
evaporation (e.g., Usdowski et al., 1979; Chafetz et al., 1991; Matsuoka et al., 2001). On the 
other hand, the δ18O values of tufa surface calcite decreased downstream (Fig. 9). If calcite 
was precipitated under isotopic equilibrium with regard to oxygen, water temperature at the 
time of precipitation can be calculated by the following empirical equation (Erez and Luz, 
1983), 
 
T(˚C) = 17.0 - 4.52 (δ18OC - δ18OW) + 0.03 (δ18OC - δ18OW)2 (5.8) 
 
where δ18OC and δ18OW are the oxygen isotope composition of calcite and water respectively 
(vs. V-PDB). The calculated temperatures increase downstream, which is the opposite of the 
 
 





water temperature gradient measured on the day of sampling (October 2006; Fig. 9). 
However, the calculated trend in temperatures fits well with the water temperatures of May, 
which obviously reflects the fact that the tufa surface analysed mainly formed in spring and 
summer. This reflects the fact that the samples for isotope measurements were collected by 
scalping ~0.5 mm of deposit surfaces which contains palaeo-temperature information of last 
several month. Although the calculated temperatures are slightly lower than the 
temperature measured in May, and of course, profiles of water temperatures in summer are 
thought to be higher than that of May, differences are attributed to an averaging effect of 
sampling (Matsuoka et al., 2001). These results indicate that the δ18O of the Westerhöfer 
Bach water was almost stable throughout the year and calcite precipitated near isotopic 
equilibrium with regard to oxygen. This has also been observed in other temperate tufa 
creeks (e.g., Chafetz et al., 1991; Matsuoka et al., 2001). This is strongly supported by the 
depth profile of δ18O obtained from tufa stromatolites. Calculated 
palaeo-water-temperatures from this profile (assuming constant δ18O of water) exhibit a sine 
curve between 7.0 to 10.5˚C, which is in accordance with the actual seasonal change of water 
temperature at the sampling site (WB4.0; Fig. 10). Although actual water temperature 
fluctuation is thought to be somewhat larger, the smaller amplitude of calculated 
palaeo-water-temperatures are also explained by an averaging effect. Calcite precipitation 
at oxygen isotopic equilibrium as presented above is contrary to the findings of previous 
investigations of the Westerhöfer Bach by Usdowski et al. (1979), but it has been reported 
from many other tufa forming creeks (e.g., Chafetz et al., 1991; Matsuoka et al., 2001; 
Ihlenfeld et al., 2003; Kano et al., 2007).  
The interpretation of δ13C values is more complicated because they are affected by several 
factors, i.e., CO2-degassing, photosynthesis and seasonal fluctuations of δ13C in the spring 
water. The δ13C values of the creek water increased downstream (Fig. 9), as a result of 
preferential 12C loss during CO2-degassing (e.g., Usdowski et al., 1979; Dandurand et al., 
1982; Michaelis et al., 1985; Matsuoka et al., 2001). The δ13C values of tufa surface calcite 
showed a similar trend, and are thought to reflect CO2-degassing of the creek water (see also 
Pentecost and Spiro, 1990). However, it is difficult to conclude solely on these results that 
tufa stromatolites precipitate in carbon isotopic equilibrium with creek water DIC. This is 
because the δ13C of spring water in the Westerhöfer Bach probably changes seasonally, 
which may be attributed to either the ventilation or the mixing ratio between CO2 from soil 
and bedrock limestone (Chafetz et al., 1991; Matsuoka et al. 2001; Hori et al. 2008). Indeed, 
Usdowski et al. (1979) reported 1‰ δ13C change between June and August 1977. Seasonal 
δ13C fluctuations of creek water are recorded in tufa stromatolites (Chafetz et al., 1991; 
Matsuoka et al., 2001), and sometimes co-vary with δ18O either negatively or positively, 
 
 





depending on the aquifer (Smith et al., 2004). The observed seasonal δ13C fluctuations of 
tufa stromatolites in this study (Fig. 10) are also interpreted as reflecting the δ13C 
fluctuations of creek water DIC. Indeed, δ13C values of summer laminae are more negative 
than those in winter laminae, while a reverse relation would be expected if photosynthesis 
strongly influences δ13C records (Pentecost, 1987, 1988; Pentecost and Spiro, 1990). 
Although photosynthesis causes rapid precipitation, observed precipitation rates in the 
order of 10-6 mol m-2 s-1 are not expected to have any influence on the carbon isotope 
fractionation between bicarbonate and calcite (Romanek et al., 1992).  
The results indicate that an effect of photosynthesis is not traceable in the carbon isotopic 
composition of the tufa stromatolites, although photosynthesis-induced calcite precipitation 
is evident. Therefore, the absence of a photosynthetic signature in carbon isotopes does not 
necessarily imply an "inorganic" precipitation. Nonetheless, the reason why photosynthetic 
effects have been detected on the δ13C of tufa stromatolite carbonates in sluggish or lower 
sections of karst-water creeks (Spiro and Pentecost, 1990) and lakes (Andrews et al., 1997, 
2000) remains to be explained by future work.  
 
5.4. The relationship between photosynthesis-induced precipitation and annual lamination 
The fact that photosynthesis directly drives CaCO3 precipitation in tufa stromatolites has 
implications for the mechanisms behind their annual lamination, an understanding of 
which may provide useful time scale information for palaeoclimate reconstruction (e.g., 
Kano et al., 2003). Generally, the mechanisms for the formation of annual laminations, 
suggested by previous studies, can be divided into inorganic and organic factors (for review, 
see Andrews and Brasier, 2005). Inorganic factors include seasonal changes in water 
chemistry which cause fluctuations in calcite supersaturation. Indeed, seasonal fluctuations 
of water chemistry have been reported from a number of temperate tufa-forming creeks (e.g., 
Matsuoka et al., 2001; Kano et al., 2003; Kawai et al., 2006), including the Westerhöfer Bach 
(Table 3; Jacobson and Usdowski, 1975). In addition, seasonal changes in water temperature 
causing variations in the inorganic precipitation rate are suggested to contribute to the 
formation of annual lamination (Kano et al., 2003, 2007), although it would be restricted on 
the biofilm-free substrates where microbially controlled precipitation does not occur. 
Organic factors on the other hand include seasonal variations of the biofilm composition and 
corresponding EPS properties (Arp et al., 2001b), growth patterns of microorganism 
(Janssen et al., 1999), and seasonal changes in microbial metabolisms (Pentecost, 1987, 
1988).  
In addition to these factors, the seasonal changes in diffusion rates are thought to be one 
of the reasons for annual lamination because the diffusion coefficients are temperature 
 
 





dependent. For example, at 25˚C, the experimental condition of microelectrode 
measurements in this study, the diffusion coefficient of Ca2+ is 7.93 × 10-10 m2 s-1, whereas it 
decreases to 6.73 × 10-10 m2 s-1 at 18˚C, and 3.73 × 10-10 m2 s-1 at 0˚C (Li and Gregory, 1974). 
When water temperature decreases from 18˚C to 0˚C, Ca2+ flux decreases by almost half (Eq. 
5.1) even if metabolism rates of microorganisms are constant. Although exact maximum and 
minimum of water temperature in the Westerhöfer Bach have not been recorded, water 
temperatures of other temperate tufa-forming creeks vary seasonally by 15˚C or more in the 
lower creek sections (Matsuoka et al., 2001; Kano et al., 2003; Kawai et al., 2006).  
Therefore, seasonal variation of diffusion coefficient can be one of the important 
mechanisms for annual lamination. This effect would be enhanced if photosynthetic activity 
is high in summer and low in winter, which would result in a dense summer layer and 
porous winter layer. Of course, care has to be taken when using annual lamination as a 
seasonal indicator because seasonally fluctuating factors (inorganic and organic) are 
thought to be complexly involved in lamina formation (see also Andrews and Brasier, 2005). 
Indeed, some studies have reported a porous summer layer and a dense winter layer (e.g., 
Monty, 1976; Janssen et al., 1999). From this point of view, it might be difficult to establish a 
universal mechanism for annual lamination in tufa stromatolites (see also Arp et al., 2001b; 
Ihlenfeld et al., 2003).  
 
5.5. Fabrics of calcified cyanobacteria and its implication 
The occurrence and absence of calcified cyanobacteria in the geological record has been 
used as an argument for changes in ocean chemistry, especially in the Mg/Ca ratio (Riding, 
1982), in CaCO3 mineral supersaturation (Riding, 1992) and in DIC concentrations (Arp et 
al., 2001a). This is particularly true for microcrystalline tubular cyanobacterial microfossils 
(e.g., Girvanella), which are thought to result from photosynthesis-induced pH 
microgradients and corresponding microenvironmental rises in CaCO3 supersaturation. 
Based on studies in tufa creeks, Merz-Preiß and Riding (1999) suggested an indicator for 
recognizing photosynthesis-induced cyanobacterial calcification by means of the resulting 
carbonate fabrics: cyanobacteria utilize HCO3- in CO2-poor sluggish conditions and would 
induce CaCO3 precipitation to form microcrystalline sheath impregnations, whereas utilize 
CO2 in fast-flowing high pCO2 conditions such as tufa-forming creeks and would not 
influence CaCO3 supersaturation to promote passive external calcification in form of 
encrusted sheaths. 
The present study, however, revealed that photosynthesis induces CaCO3 precipitation at 
tufa surfaces even at high-pCO2 conditions, but nevertheless resulted in the formation of 
encrusted sheaths (Figs. 3A, B). Further investigations, such as CO2 microelectrode 
 
 





measurements, are required to evaluate whether the increasing supersaturation observed in 
this study was attained by CO2 assimilation or OH- release resulting from HCO3- utilization, 
as suggested by Merz (1992). Nonetheless, cyanobacteria in the Westerhöfer Bach probably 
utilize HCO3- as well as CO2, because 97% of the DIC in the creek is composed of HCO3-, and 
only 1-2% of CO2, although pCO2 is higher than in the atmosphere. In any case, the observed 
sheath encrustations due to cyanobacterial photosynthesis demonstrate that this style of 





1. Microelectrode profiles of pH, O2, Ca2+ and CO32- demonstrated that tufa stromatolite 
biofilms, composed mainly of filamentous cyanobacteria, strongly induce CaCO3 
precipitation by photosynthesis, while endolithic biofilms and moss leaf do not.  
 
2. Bulk water chemistry data along the course of the creek as well as a 21 h monitoring did 
not detect significant effects of photosynthesis in the macroenvironment. Mass balance 
calculations revealed that about 10-20% of total Ca2+ loss in the creek is precipitated by 
biofilm photosynthesis, the effect of which is undetectable by bulk water analysis as long 
as water supply dilutes it. The Major cause of Ca2+ removal from the creek water is 
thought to be physicochemical precipitation on biofilm-poor tree branches, leaves and 
fine-grained calcite particles. 
 
3. Although tufa stromatolites are formed by photosynthesis-induced CaCO3 precipitation, 
δ13C values of tufa stromatolite carbonates did not exhibit a photosynthetic fractionation. 
Instead, they probably recorded seasonal δ13C fluctuations in bulk creek water DIC. The 
δ18O values reflect palaeo-water temperatures, if δ18O of the creek water is constant. 
 
4. Temperature affects ionic diffusion coefficients and therefore Ca2+ flux caused by 
photosynthesis-induced CaCO3 precipitation. This is thought to be one important 
mechanism for annual lamina formation in tufa stromatolites, together with other 
organic and inorganic factors, such as seasonal fluctuations in creek water chemistry, 
biofilm compositions and microbial metabolisms. 
 
5. Cyanobacterial sheath encrustation by CaCO3 can result from photosynthetic activity, 
and therefore cannot be used as indication of physicochemically-forced CaCO3 
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Modified protocols of fluorescence in situ hybridization (FISH) and catalyze reporter 
deposition fluorescence in situ hybridization (CARD–FISH) were developed to perform a 
simultaneous detection of microorganisms and calcite crystals in stromatolite-forming 
biofilms. Smooth, well-preserved thin sections of calcified biofilms (~5 µm thin, vertical 
sectioning of ~1 cm deep) were obtained by cryo-sectioning with adhesive-tape-stabilization. 
A modified hybridization buffer was applied during hybridization to prevent calcite 
dissolution as well as false binding of oligonucleotide probes to the charged mineral surfaces. 
Particularly, bright and specific CARD–FISH signals allowed the detection of 
microorganisms in intensively calcified biofilms even at low magnification, which is suitable 





Fluorescence in situ hybridization (FISH) is a powerful technique to detect and identify 
bacteria in situ inside microbial aggregates and microbial films without cultivation (e.g., 
Amann et al., 1995; Moter and Göbel, 2000). During the last years, FISH has been applied 
for various types of samples including environmental biofilms. However, they sometimes 
closely relate with mineral matrices such as rocks, clays and sediments, which impede the 
application of FISH to environmental samples by three crucial problems: First, the 
co-occurrence of soft organic material and hard minerals disturbs the sectioning in standard 
methods, so that millimeter- to centimeter-scale distribution pattern of microorganisms 
could not be retained. Second, false binding of negatively charged oligonucleotide probes to 
positively charged mineral surfaces such as calcite falsifies the specific detection of 
microorganisms by FISH (Harmsen et al., 1997; Schrenk et al., 2003). Third, FISH signals 
are sometimes hindered by strong autofluorescence of phototrophic microorganisms 
(Schönhuber et al., 1997) and minerals (Vesey et al., 1997). 
However, mineralizing biofilms are of special interest in geobiology because they 
 
 





potentially form stromatolites (Kalkowsky, 1908), laminated microbial rocks, which were 
widespread for two billion years in the early Earth history. While extant stromatolites are 
rare in the recent marine settings and restricted to a few examples of coarse-agglutinated 
varieties (e.g. Shark Bay, Bahamas), non-marine settings exhibit a wide variety of 
stromatolites formed by intensively calcifying biofilms, similar to many fossil counterparts 
(e.g., Awramik, 1984). One type of non-marine stromatolite is formed in karst hard water 
creeks, also known as tufa. Recent investigations revealed that the cyanobacterial biofilms 
of this freshwater stromatolite induce calcite precipitation by photosynthesis, thereby 
causing stromatolite formation (Shiraishi et al., in press; Bissett et al., in press). However, 
the role of heterotrophic bacteria, which generally occur in cyanobacterial biofilms, remains 
unclear. They may either promote or inhibit precipitation and/or cause dissolution of 
carbonate minerals (Visscher et al., 2000; Dupraz and Visscher, 2005), and FISH 
investigations are required to understand the roles of heterotrophs in these mineralized 
biofilms. 
The present study describes embedding, sectioning and hybridization protocols for 
simultaneous in situ detection of microorganisms and calcite crystals. Strong 
autofluorescence of phototrophs and minerals was overcome by applying catalyze reporter 
deposition FISH (CARD–FISH) using tyramide signal amplification (TSA), which allows 10- 
to 20-fold amplification of FISH signal (Schönhuber et al., 1997). Thin sectioning of calcified 
stromatolite biofilms was achieved by cryo-sectioning combined with the adhesive tape 
technique (Kawamoto et al., 2003), and false binding and calcite dissolution were avoided by 
applying modified hybridization protocol. In addition, other sectioning methods were tested 
and their applicability was checked by CARD–FISH as well as FISH. 
 
2. Materials and methods 
 
2.1. Sample fixation 
Samples of freshwater tufa stromatolites were collected from the Westerhöfer Creek, 
central Germany (see Shiraishi et al., in press for further detail of this creek) in October 
2006, and immediately fixed with PBS (phosphate buffered saline) buffered 3.7% 
formaldehyde, and kept cool and dark for two days. Samples were transferred to 50% 
ethanol in PBS, and stored at 5˚C in the dark until further processing. In addition, non-fixed 
and frozen samples were prepared for comparison. 
 
2.2. Sample embedding and sectioning 
Samples for the adhesive tape sectioning were kept at 5˚C overnight in 4% CMC 
 
 





(carboxymethyl cellulose; FINETEC Co. Ltd.) gel for infiltration, embedded in fresh CMC at 
–25˚C, and sectioned by a cryotome (Leica CM3050S) equipped with disposable blades (Leica 
DB80L) as described by Kawamoto (2003). In this study, sections were obtained by using 
Cryofilm Type 1 and Transferfilm (FINETEC Co. Ltd.). Sections obtained by Cryofilm Type 1 
were supported by mounting on glass slides by means of double-sided tape, and used for 
further processing. Sections obtained by Transferfilm were transferred on the silanized glass 
slides in n-hexan for 12 h by following the instructions of the manufacturer. 
In order to check the applicability of the modified hybridization protocol in the present 
study (see below) other embedding and sectioning methods, resin embedded and decalcified 
paraffin section were prepared. For resin embedding, samples were embedded in Technovit 
7100 as described by Manz et al. (2000), and sectioned by a rotary microtome. For paraffin 
embedding, samples were decalcified in 20% Formical–2000 (Decal Chemical Co. Ltd.), and 




For FISH and CARD–FISH, the mixture of 16S rRNA targeted oligonucleotide probes 
EUB338 (5’-GCTGCCTCCCGTAGGAGT-3’), EUB338II (5’-GCAGCCACCCGTAGGTGT-3’) 
and EUB338III (5’-GCTGCCACCCGTAGGTGT-3’) were applied for eubacteria (Daims et al., 
1999). Probes were labeled either by Cy3 for FISH or horseradish peroxidase (HRP) for 
CARD–FISH. Negative controls were performed by non-EUB338, the complementary 
sequence of EUB338 (Wallner et al., 1993). 
Through the hybridization, 5 mM CaCl2 and 5 mM NaHCO3 were added to most of 
experimental solutions to avoid calcite dissolution. For CARD–FISH, modified protocols of 
Pernthaler et al. (2002) and Manz et al. (2000) were developed. For cell wall 
permeabilization, sections were incubated in proteinase K (50 µg ml–1, 5 mM CaCl2, 5 mM 
NaHCO3) at 37˚C for 2 h, and washed with MilliQ. Then, 40 µl of hybridization buffer [0.9 M 
NaCl, 20 mM Tris (pH 7.5), 10% dextran sulfate (wt/vol), 0.02% SDS, 35% Formamide 
(vol/vol), 1% Blocking reagent (wt/vol), 0.5 mg fish sperm DNA ml–1, 0.5 mg Escherichia coli 
tRNA ml–1, 5 mM CaCl2, 5 mM NaHCO3; modified from Pernthaler et al., 2002] and 5 µl of 
probe (50 ng µl–1) were dropped onto the sections, and hybridized in a moist chamber at 37˚C 
for 2 h. Unbound probes were removed by ~1 ml washing buffer [88 mM NaCl, 20 mM Tris 
(pH 8.0), 0.01% SDS, 5 mM CaCl2, 5 mM NaHCO3], and incubated at 37˚C for 10 min., 
followed by three times MilliQ washing. Freshly prepared amplification solution (1 µl of 
tyramide-Cy3 and 49 µl of amplification buffer; TSA Plus Fluorescence Systems, Perkin 
Elmer Inc.) was immediately pipetted onto the slides and incubated at room temperature in 
 
 





the dark for 10 min. Slides were then washed with TNT buffer [0.1 M Tris (pH 7.5), 0.15 M 
NaCl, 0.05% Tween20, 5 mM CaCl2, 5 mM NaHCO3] for 15 min, rinsed with MilliQ three 
times, and enclosed in mounting media [5.5 parts of Citifluor, 1 part of VectaShield, 0.5 parts 
of 1 × PBS, DAPI (4’,6’-diamidino-2-phenylindole) at a final concentration of 1 µg ml–1; 
Pernthaler et al., 2002]. 
For FISH, the protocol of Manz et al. (2000) was applied with the following modifications. 
First, above-mentioned hybridization buffer for CARD–FISH was used. Second, 2 h 
pretreatment by hybridization buffer was curried out. Third, 5 mM of CaCl2 and NaHCO3 
were added to the washing buffer. 
 
2.4. Epifluorescence microscopy 
Hybridized sections were observed by epifluorescence microscopy equipped with a 
cross-polarization system (Zeiss, Jena). The following filter sets were used: Zeiss 01 (exciter 
359–371 nm, dichroic mirror 395 nm, emitter >397 nm; Carl Zeiss MicroImaging) for the 
detection of DAPI, XF204 M–FISH (exciter 540–550 nm, dichroic mirror 555 nm, emitter 
570–600 nm; Omega Optical) for the detection of Cy3, and XF70 (exciter 520–640 nm, 
dichroic mirror 660 nm, emitter 675–725 nm; Omega Optical) for autofluorescence. Images 
were acquired using CCD camera (PCO Computer Optics), and processed by Adobe 
Photoshop 6.0 software (Adobe Systems). 
 
3. Results and discussions 
 
3.1. Optimum hybridization protocols for freshwater stromatolites 
The modified CARD–FISH protocol used in the present study which was mostly based on 
Manz et al. (2000) and Pernthaler et al. (2002), could successfully detect microorganisms 
and calcite simultaneously without calcite dissolution and false binding (Figs. 1A–C). This 
protocol was also useful for CARD–FISH of decalcified paraffin sections (Table 1). However, 
the original protocols mentioned above could not solely yield good results even if calcite 
dissolution was avoided by adding CaCl2 and NaHCO3. For example, hybridization buffer of 
Manz et al. (2000) could not avoid false binding. Although hybridization buffer of Pernthaler 
et al. (2002) could avoid false binding, their permeabilization protocol by using lysozyme was 
too weak whereas their washing procedures were too strong for stromatolite samples 
investigated in this study. They also could not solely yield good results even if decalcified 
paraffin sections were used. Apart from these two references, we tried to apply the modified 
hybridization buffer of Schrenk et al. (2003), which includes poly(A) and bovine serum 
albumin to reduce false binging by minerals, but false binding was still severe (data not 
 
 






By introducing a modified hybridization buffer of CARD–FISH into the protocol of Manz 
et al. (2000) and by adding CaCl2 and NaHCO3, we could also detected microorganisms by 
FISH without false binding and calcite dissolution (Figs. 1D–F; Table 1).  
 
3.2. Sample embedding and sectioning 
For sectioning with adhesive tape, the best result was obtained by using fixed samples 
with overnight infiltration of 4% CMC, whereas frozen and fresh samples did not yield good 
quality of sections even if overnight infiltration in CMC was done. Sections obtained by 
Cryofilm Type 1 achieved good section quality of calcified biofilms, and there was no 
deformation and bacterial loss that usually occurred during the preparation of decalcified 
paraffin section due to bubble generation. This tape has no polarization property and hence 
is suitable for mineral detection. Although this tape caused slightly high background of 
DAPI, it was not severe for signal detection. The best section thickness was 5 µm and it was 
more difficult to detect hybridization signals from thicker sections. It is possible to transfer 
the section from the tape to the glass slide by using Transferfilm, although the quality of the  
Fig. 1 Photomicrographs of CARD–FISH (A–C) and FISH (D–F) in freshwater stromatolite (tufa) sectioned with
adhesive tape (Cryofilm Type 1). Each series shows identical microscopic fields. A and D are cross-polarized
microscopy images, B and E are color combinations showing FISH and CARD–FISH signals (EUB338I–III) in
green color. C and F represent DAPI staining. Both series were recorded with the same conditions except for E











section got worse during the transferring step if compared to the sections obtained by 
Cryofilm Type 1 (Table 1). Sections obtained by both types of adhesive tape yielded good 
results of FISH and CARD–FISH. In this study, the adhesive tape method achieved vertical 
sections of 1 cm deep, but at least a depth of 3 cm may be achieved if larger samples are 
used. 
For comparison, Technovit embedded sections could not produce well preserved thin 
sections except for very porous samples. Technovit sections yielded good result by FISH, 
while it caused severe false binding during CARD–FISH (Table 1).  
 
3.3. Spatial distribution of bacteria in the calcified biofilms 
Sectioning with adhesive tape and modified hybridization protocols used in the present 
study allow simultaneous visualization of the vertical distribution of microorganisms and 
calcite in situ in biofilms. Particularly bright CARD–FISH signals were detectable even at 
low magnification (e.g. ×20), which is suitable for investigating depth profiles of 
microorganisms in the range of millimeters to centimeters (Fig. 2). These first results, using 
a universal probe (EUB338I–III), indicate that filamentous cyanobacteria decrease in 
number from the surface to deeper parts, whereas non-phototrophic bacteria remain 
abundant even at a depth of ~900 µm below the biofilm surface. The bacteria are located in 
interstices between calcite crystals and are locally concentrated at the surface of the crystals. 
This fact implies that heterotrophs are deeply involved in the carbon cycling of the 
stromatolite biofilms similar to other biofilms, and that their metabolic activities and/or 
products (e.g. exopolymers) probably have a certain influence on mineral precipitation 
and/or dissolution.  
While universal probes targeted for the domain Bacteria were used for method 
development during this study, the application of this protocol using probes of higher 
specificity will reveal a more detailed distribution pattern of different functional bacterial 
groups in the intensively calcified biofilms in various stromatolite-forming settings. In 
addition, the modified hybridization protocol of the present study will be applicable for FISH 
and CARD–FISH analysis of other mineral-containing microbial communities such as soils, 
Table 1 Comparison of sectioning methods and results of modified hybridization protocols 
 
*only possible for very porous samples 









Fig. 2 Photomicrographs of eubacteria and calcite in tufa stromatolite detected by CARD–FISH using adhesive
tape (Cryofilm Type 1). (A) Cross-polarized microscopy. (B) Same field of view which shows a color combined
image recorded by epifluorescence microscopy. Bright yellow indicates autofluorescence of cyanobacteria, green
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Preconditions of photosynthesis induced carbonate precipitation 
As presented in the previous chapters, it is revealed that the tufa stromatolites are formed 
by photosynthesis induced calcite precipitation. However, apparently this phenomenon is 
not ubiquitous because not all of photosynthetic biofilms are calcified, which probably relate 
with the rarity of calcareous microbialite in the modern seawater settings. Then, what is the 
precondition of photosynthesis induced carbonate precipitation? The effects of 
photosynthetic CO2 removal on calcite precipitation were simulated by Arp et al. (2001) with 
using PHREEQC program. They first adjusted the saturation state of model water at 10 by 
adding Ca2+ and DIC, subtracted 200 µmol/l CO2, and checked the increase of saturation 



















logclogSIc    (7.1) 
 
From this simulation, they presented the DIC dependence of SIc increase by photosynthesis 
(∆SIc): it becomes smaller as DIC increase, and vice versa.  
In this chapter, further detail of photosynthetic effects on calcite precipitation are 
examined by changing not only DIC but also pH, which also affects carbonate system. The 
simulation in this study did not adjust the saturation state to 10 in order to check only the 
effects of CO2 removal. Although Arp et al. (2001) subtracted 200 µmol/l CO2 as an 
assumption, it is better to apply the similar removal amount of CO2 caused by actual 
biofilms. The amount of CO2 removal is therefore estimated by using pH microprofiles of 
calcifying biofilms, which fell in the range of ~800 to 1000 µmol/l CO2 removal by PHREEQC 
(Fig. 1). In this study, CO2 removal of 800 µmol/l by PHREEQC was employed throughout  
 
Fig. 1 The relationship between CO2 removal
amount and resulting pH in three settings where
photosynthesis induced carbonate precipitation was
observed. The amount of CO2 removal in PHREEQC
is estimated by using pH maximums at the top part
of biofilms measured by microelectrode, which fell
in the range of ~800 to 1000 µmol/l. pH value of
Deinschwanger Bach was obtained in situ (Shiraishi
et al. in press), while values of Westerhöfer Bach
(Shiraishi et al. in press) and Lake Chiprana (the
profile in light intensity of 500 µmol quanta /m2/s;
Ludwig et al., 2005) were obtained ex situ. Note that
estimated amounts do not represent the actual









the simulations. The effects of CO2 removal were expressed by ∆Ω, not ∆SI, because the 
latter is not suitable for expressing the photosynthetic effects at low saturation state (for 
detail calculation, see Methods). ∆Ω achieved by CO2 removal in various DIC and pH is 
calculated by using standard seawater and tufa spring water as examples of seawater and 
freshwater respectively. Although complex calculations such as Pitzer equation are required 
for the precise estimation of ionic activities in the water of high ionic strength like seawater, 
the difference of Ω calculated by using Pitzer equation is less than 5% if compared to that of 
Debye–Hückel’s extended equation, which PHREEQC program employed, as indicated by 
Riding and Liang (2005a). Therefore, the calculation by PHREEQC has no significant effect 
on the discussion of this study. 
The effects of CO2 removal on ∆Ω in various DIC–pH conditions are presented in Fig. 2, 
which obviously represent the fact that ∆Ω depends on not only DIC but also pH. ∆Ω pattern 
of both seawater and freshwater show triangular shape, and the latter is more prominent. 
The reason of this shape is explained as followings. In high DIC–high pH region where 
[CO32–] is high, [CO32–] increase caused by photosynthesis is buffered by significant amount 
of existing [CO32–] (CO32– buffering), while in high DIC–low pH region where [CO2] is high, 
the effect of [CO2] subtraction by photosynthesis is buffered by significant amount of 
existing [CO2] (CO2 buffering). In low DIC region on the other hand, the ratio of [CO32–] 
increase by photosynthetic CO2 subtraction but total DIC decreases by the subtraction and 
results in lower [CO32–] (low DIC effect).  
 
Fig. 2 ∆Ω contour plot in various pH–DIC conditions calculated by using standard seawater (A) and tufa spring
water of Westerhöfer Bach (B). ∆Ω was calculated by subtracting 800 µmol/l CO2 in PHREEQC program.
Temperature of both calculations was set at 25ºC to make them comparable. pCO2 (gray dot lines) and Ω (white
solid lines) contours are also shown. For the calculation of Ω contours, {Ca2+} and { CO32–} of original water were
used ({Ca2+} and log γCO32– of seawater were 2.305×10–3 and –0.677, {Ca2+} and log γCO32– of tufa spring water
were 1.994×10–3 and –0.215, respectively). In these figures, ∆Ω of various water samples are also plotted, and
their values are indicated by the same color scale. Triangle symbols represent seawater and halite lakes, circles
represent soda lakes and squares represent hardwater lakes and creeks. For their detail chemistries, see Table
1. Allows in (B) indicate the changes of water chemistry in the tufa creeks from spring sites to lower creek sites.
(C) The interpretation of ∆Ω patterns. [CO2], [CO32– ] and carbonate alkalinity contours were calculated by









Therefore, ∆Ω attains the maximum where these three effects are minimum. ∆Ω pattern of 
tufa spring water is much higher than that of seawater because of lower ionic strength (see 
below).  
∆Ω calculated by using various water chemistries are also plotted in Fig. 2 (for the original 
data, see Table 1). Although the tendency of calculated ∆Ω roughly fits to both examples of 
seawater and tufa creek water, some are deviated and especially ∆Ω of soda lakes did not fit 
at all. This deviation comes mainly from the differences of Ca2+ concentration. Fig. 3 shows 
the relationship between Ca2+ concentration and ∆Ω. ∆Ω becomes higher as Ca2+ increases in 
both seawater and freshwater (tufa spring water). In the case of soda lakes, cation 
concentrations including Ca2+ are usually very low, which results in very low ∆Ω. This fact 
indicates that photosynthesis induced precipitation does not occur in the environments like 
soda lake where Ca2+ concentration is very low even if DIC–pH condition is suitable for 
increasing {CO32–}. Of course, soda lakes tend to have high DIC and high pH where 
photosynthetic effects on carbonate system would be further inhibited by CO32– buffering. 
On the other hand, Ca2+ concentrations of the other examples plotted in Fig. 3 are not 
extremely low, and therefore Ca2+ concentration would not be the limitation for 
Fig. 3 The relationship between Ca2+
concentration and ∆Ω attained by 800 µmol/l
CO2 subtraction. Lines were drawn by
changing Ca2+ concentrations of standard
seawater and tufa spring water (Westerhöfer
Bach). 
Fig. 4 The relationship between ionic strength
and ∆Ω attained by 800 µmol/l CO2 subtraction.
Water of lower ionic strength tends to attain
higher ∆Ω. The examples of soda lakes
significantly deviate from this trend because of








photosynthesis induced precipitation. The deviation of plotted data from calculated lines in 
Fig. 3 mostly comes from the differences of DIC and pH as shown in Fig. 2, as well as the 
differences of ionic strength. Higher ionic strength results in lower {CO32–} and ∆Ω becomes 
smaller (Fig. 4), which is also obvious from Fig. 2.  
Although optimum DIC–pH condition for achieving higher ∆Ω is presented in Fig. 2, this 
∆Ω pattern does not represent the actual precondition of photosynthesis induced carbonate 
precipitation because the initial saturation state is not considered. Even if photosynthetic 
CO2 removal could cause high ∆Ω, precipitation does not occur if initial saturation state is 
low because final Ω achieved by photosynthesis is lower than the threshold of precipitation 
(Ωthreshold; Fig. 5). In this study, actual effect of photosynthetic CO2 removal on Ω increase 
(∆Ωactual) is defined as follows, 
 
thresholdbeforethresholdafteractual Ω−Ω−Ω−Ω=∆Ω   (7.2) 
 
Precipitation occurs if ∆Ωactual is >0, while precipitation does not occur if ∆Ωactual is ≤0 (note 
that the size of minus value does not reflect the unlikelihood of precipitation). Ωthreshold would 
be larger than the achieved Ω when 800 µmol/l of CO2 is removed from standard seawater 
(Ω=16.5) because there is no extensive carbonate microbialite in the recent ocean. In this 
study, Ωthreshold is set at 17. The result of ∆Ωactual calculation is presented in Fig. 6. In the case 
of seawater, ∆Ωactual is ≤0 at low pH–DIC region while other parts are almost the same as 
that of ∆Ω pattern. Similar tendency is seen in the case of freshwater although absolute 
values are higher than that of seawater because of lower ionic strength. Actual Ωthreshold 
must be somewhat higher than 17 at least for the freshwater case because the spring site of 
Westerhöfer Bach attained positive ∆Ωactual although it is free from biofilm calcification. 
Nonetheless, this pattern well presented the fact that photosynthesis induced precipitation 
is getting more important as water flows downstream in tufa creeks, which is confirmed by 
Shiraishi et al. (2008, in press) and Bissett et al. (2008, in press). 
 
Fig. 5 The concept of actual effect of CO2 removal for causing precipitation (∆Ωactual). Ωbefore denotes Ω value
before photosynthesis, and Ωafter denotes Ω value achieved by photosynthesis. Three examples are presented
here, of which ∆Ω achieved by photosynthesis is the same. 1) Ωbefore is higher enough than the threshold
(Ωthreshold), and Ωafter results in precipitation. 2) Ωbefore is somewhat lower than the threshold, but Ωafter can
achieve higher Ω than the threshold, and results in precipitation. 3) Ωbefore is too low, and Ωafter cannot exceed








From discussions above, the preconditions of photosynthesis induced carbonate 
precipitation are 1) optimum pH–DIC condition where low DIC effect, CO2 and CO32– 
buffering are not severe, 2) sufficient initial saturation state, 3) Ca2+ concentration is not 
extremely low. In addition, high ionic strength weakens and/or inhibits photosynthesis 
induced precipitation. Of course, photosynthetic activity of biofilms must be high enough to 
shift carbonate system on and in the biofilms. Although these preconditions were delivered 
from the studies of photosynthesis induced carbonate precipitation, most of them are also 
applicable for carbonate precipitation induced by other types of microbial metabolisms such 
as sulfate reduction because carbonate precipitation induced by microbial mechanisms are 
achieved by increasing {Ca2+} and/or {CO32–} regardless of metabolic pathways. Therefore, it 
is concluded that these preconditions would be important keys to understand the formation 










Fig. 6 The contour plots of actual effect of CO2 removal for causing precipitation (∆Ωactual) in various pH–DIC
conditions by using standard seawater (A) and tufa spring water of Westerhöfer Bach (B). Compare the results
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∆Ω contour calculations 
∆Ω was calculated by subtracting 800 µmol/L with PHREEQC program in various 
pH–DIC conditions. pH change ranged from 7.0 to 10.0, and log DIC (mmol/L) ranged from 
0.0 to 3.0, and calculated in 0.25 grid (the region of log DIC <–0.0 was impossible to calculate 
because there is no sufficient DIC). In this study, standard seawater and tufa creek water 
(Westerhöfer Bach, spring site) were used. Temperature was set at 25ºC to exclude the effect 
of temperature.  
Although PHREEQC can calculate saturation state of calcite directly as saturation index, 
its significant figures are small (e.g., 1.00), which causes severe artifacts in high pH–high 
DIC region where saturation state tends to high. For example, if very small change in 
unexpressed figure, generated by CO2 subtraction, accidentally caused 0.01 of ∆SI, this 
change account for ∆Ω of 0.02 when SI changed from 0.00 to 0.01, while it gets more 
significant if initial saturation state becomes higher (e.g., SI change of 1.00→1.01 accounts 
for ∆Ω of 0.23, 2.00→2.01 accounts for ∆Ω of 2.32). In this study, Ω was calculated by 









=Ω    (7.3) 
 
Ksp for calcite was given by Plummer and Busenberg (1982), which is consistent with the 
values used in PHREEQC program. Of course the significant figures of {Ca2+} and {CO32–} 
(four figures) cause slight artifact, but the quality is sufficient for the discussion in this 
study. 
 
Other contour calculations 
[CO2] and [CO32–]: Contour lines are calculated from equations (1.6) and (1.8), respectively. 
 















DIC is expressed as a function of [H+], if pCO2 is fixed. 
 































DIC is expressed as a function of [H+], if Ω and [Ca2+] are fixed. To take activities into 
account, {Ca2+} was applied instead of [Ca2+], and γCO32– was multiplied. 
 



































CA is expressed as a function of [H+], if CA and DIC are fixed. 
 
Equilibrium constants 
Equilibrium constants of Plummer and Busenberg (1982) were applied for the contour 
calculations of freshwater setting, and constants of Roy et al. (1993), presented below, were 
applied for the calculation of seawater settings. 
 









where T and S denote absolute temperature and salinity, respectively. 
 
KH for seawater is delivered from Weiss (1974), 
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In this study, biofilms of two CO2-degassing karst-water creeks in Germany, which attain 
high calcite supersaturation during their course downstream, were investigated with regard 
to the effects of microbial activity on CaCO3 precipitation, water chemistry of micro- and 
macroenvironment, stable isotopic records, and tufa fabric formation. In situ and ex situ 
microelectrode measurements (pH, O2, Ca2+ and CO32–) of annually laminated calcified 
biofilms composed mainly of filamentous cyanobacteria (tufa stromatolites) revealed that 
they strongly induced CaCO3 precipitation by photosynthesis under illumination, and 
inhibited precipitation by respiration in the dark. During illumination, microbial 
photosynthesis cause a strong pH increase, coupled with Ca2+ consumption at the biofilm 
surface, while the opposite occurred in the dark. Calcite supersaturation at the biofilm 
surface, calculated from ex situ Ca2+ and CO32– microelectrode measurements, showed that 
photosynthesis resulted in high Ω values during illumination, while respiration slightly 
lowered supersaturation values in the dark, compared to values in the water column. 
Dissociation calculation demonstrated that the potential amount of Ca2+ binding by 
exopolymers would be insufficient to explain the Ca2+ loss observed, although Ca2+ 
complexation to exopolymers might be crucial for calcite nucleation. Photosynthesis-induced 
CaCO3 precipitation was also confirmed by radioactive isotope (45Ca2+) uptake studies as 
well as mass balance calculations.  
Oxygen and carbon stable isotopic records of the tufa stromatolites did confirm 
photosynthetic effects despite the evident photosynthesis-induced calcite precipitation, and 
therefore, the absence of photosynthetic effect in the isotopic records of carbonate minerals 
(e.g., heavier δ13C) does not indicate the absence of photosynthetic effect on the carbonate 
precipitation. Similarly, fabrics of calcified cyanobacteria (e.g., sheath impregnation or 
encrustation by CaCO3) cannot be used to distinguish photosynthesis-induced from 
physicochemically-induced CaCO3 precipitation because encrusted cyanobacterial sheaths, 
that was previously suggested as an indicator of physicochemically-forced precipitation, was 
observed in tufa stromatolite instead of sheath impregnation, that was previously suggested 
as an indicator of photosynthesis-induced precipitation.  
Although tufa stromatolites are formed by photosynthesis-induced calcite precipitation, 
mass balance calculations demonstrated that biofilm photosynthesis was responsible for 
only 10–20% of Ca2+ loss in the creek, while remaining Ca2+ loss derived from 
physicochemical precipitation on branches, leaves and fine-grained calcite particles. 








by conventional water analysis except for the period of low flow rate.  
In contrast, endolithic cyanobacterial biofilms and mosses, both can also perform 
photosynthesis, did not cause photosynthesis-induced precipitation under experimental 
conditions of ex situ microelectrode measurements because of their lower photosynthetic 
activity. No spontaneous precipitation occurred on biofilm-free limestone substrates under 
the ex situ measurements, despite of high supersaturation, while tufa stromatolites could 
induce precipitation in the same condition. This fact indicates that photosynthesis is a 
crucial mechanism to overcome the kinetic barrier for CaCO3 precipitation, even in highly 
supersaturated settings.  
The simulations of photosynthetic effects in various pH, DIC and Ca2+ concentration 
revealed the preconditions of photosynthesis-induced carbonate precipitation are 1) 
optimum pH–DIC condition where low DIC effect, CO2 and CO32– buffering are not severe, 2) 
sufficient initial saturation state, 3) Ca2+ concentration is not extremely low. In addition, 
high ionic strength weakens and/or inhibits photosynthesis-induced precipitation. Of course, 
photosynthetic activity of biofilms must be high enough to shift carbonate system on and in 
the biofilms. Most of these preconditions are also applicable for the carbonate precipitation 
induced by other types of microbial metabolisms such as sulfate reduction. Therefore, it is 
concluded that these preconditions would be the important keys to understand the 
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